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RÉSUMÉ 
Nous avons étudié le régime thermique du sous-sol et déterminé les variations du 
climat passé en utilisant la méthode de reconstruction de 1 'histoire de la tem-
pérature à la surface du sol à partir de profils de température mesurés dans des 
forages. Cette thèse, divisée en trois chapitres sous forme d'articles scientifiques, 
porte sur la reconstitution de l'histoire des températures à la surface du sol dans 
l'est et le centre du Canada et au nord du Chili sur des échelles de temps allant 
du dernier cycle glaciaire aux 500 dernières années. 
Le premier article reconstitue les températures à la base de la calotte glaciaire 
Laurentide depuis le dernier cycle glaciaire jusqu'à 100 ans avant présent ( AP) . 
Treize profils profonds de température (~ 1500 m) ont été mesurés dans l'est et 
le centre du Canada, une région qui était couverte par la partie sud de la calotte 
glaciaire Laurentide. La reconstitution de la température à la surface du sol pour 
100-100000 années AP montre des températures entre -1,4-3,0°C au cours du 
dernier maximum glaciaire, rv 20 ka. Ces température représentent donc les tem-
pératures basales de la calotte glaciaire. Ces températures sont proches du point 
de fusion de la glace et démontrent qu'un écoulement rapide de la glace à la base 
était possible. Cela aurait pu entraîner une instabilité dans la calotte glaciaire car 
de grandes quantités d'eau pouvait être transportées depuis l'intérieur. Cepen-
dant, la couch de glace a persisté pendant rv30000 ans avant son effondrement au 
cours de l'Holocène. Par conséquent, des températures basales proches du point 
de fusion de la glace n'impliquent pas nécessairement que les calottes de glace sont 
instables et près de l'effondrement . 
Le deuxième article concerne les tendances climatiques pour les 500 dernières 
années dans le nord de l'Ontario et du Québec. Les histoires de température à la 
surface du sol de cette région sont reconstituées à partir de 18 profils de t mp 'ra-
ture provenant de 10 sites. Ces sites se trouvent dans la région peu échantillonnée 
entre 51 °N- 60°N de chaque côté de la baie James. Des histoires de températures 
à la surface du sol similaires sont reconstituées pour les 10 sites et montrent un 
réchauffement climatique récent de 1-2 K pour les 150 dernières années, ce qui est 
en accord avec les reconstitutions plus au sud et dans l 'est et le centre du Canada. 
Les résultats concordent aussi avec les reconstitutions disponibles de données in-
directes. Nous avons trouvé un refroidissement associé avec le petit âge glaciaire 
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que pour un seul site. Par ailleurs, les cartes de pergélisol localisent ces forages 
dans une région de pergélisol discontinu, mais le pergélisol n 'a pas été rencontré 
lors de l 'échantillonnage. À l'exception du site Nielsen Island, les histoires de 
température à la surface du sol suggèrent également que le pergélisol était absent 
de la région pour les 500 derni 'res années. Cela pourrait êtr le résultat d 'un 
décalage entre la t empérature du sol et la t empérature de l'air en raison de la 
couverture de n ige dans la région et / ou l'interpolation de la t empérature de l'air 
utilisée pour estimer la probabilité de présence de pergélisol dans ces régions en 
l'absence de rn sures de t empératures à la surface du sol. 
Le troisième article reconstitue le climat des 500 dernières années dans le nord 
du Chili à partir de 31 profils de t empérature mesurés dans des forages. Il y a 
des t endances différent s entre les régions échantillonnées. Michilla, un région 
sur la côte nord du Chili , ne montre ni réchauffement ni refroidissement , t andis 
que la région du nord-c ntre suggère un réchauffement très récent de 1,9 K , à par-
tir rv20 ans AP, suivant d 'un refroidissement entre rv20-150 ans AP. L'ordre de 
grandeur du réchauffement st n accord avec les reconstitutions de t empérature 
à la surface du sol pour le Pérou et les régions de climat semi-aride de l'Amérique 
du Sud mais rvl.5-2 fois plus grand que celles des données mét éorologiques, des 
reconstitutions climatiqu s pour le centre du Chili t le sud de l 'Amérique du Sud 
et des t empératures de surface moyennes multi-modèles du millénair passé (Pa-
leoclimate Modelling Intercomparison Proj ect Phase III pour le Coupled Model 
Intercomparison Proj ect Phase 5). Des différences t emporelles pour ce réchauffe-
ment sont observé s et aucune méthod ne montre la période de refroidissement 
à partir rv20-150 ans AP déduite à partir des profils de t empérature du nord du 
Chili. Ces différences suggèrent une t endance régionale distincte dans le nord du 
Chili mais pour confirmer ces conclusions nous devrons obtenir d 'autres ensembles 
de données et d 'effectuer d 'autres reconstitutions. 
MOTS-CLÉS: Histoires de t empérature à la surface du sol , inversion, paléoclimats, 
profils de température du sous sol , régim thermique du sol. 
ABSTRACT 
Ground surface t emperature histories reconstructed from borehole temperature-
depth profiles are used to determine the past climate on varying spatial and tem-
poral scales and study the ground thermal regime. This dissertation is presented 
as thre articles reconstructing ground surfac t mperatur histories on time scales 
from the last glacial cycle to the past 500 years in eastern and central Canada 
and northern Chile. 
The first article reconstructs the basal temp ratures of the Laurentide lee Sh et 
from th last glacial cycle to 100 y ars BP. Thirteen de p (:2::1500 rn) borehole 
temperature-ct pth profiles were measured in eastern and central Canada, a re-
gion t hat was covered by the southern portion of the Laurentide lee Sh et. The 
ground surface temperature recon tructions for 100-100,000 years BP yield tem-
peratures during the last glacial maximum, rv20 ka, between -1.4-3.0°C. As the 
region was covered by th Laur •ntide lee Sheet during this period , th y represent 
the basal t mperatures of th ice sheet. These t mperatur s near the pressure 
melting point of ice demonstrate that basal fiow and fast fiowing ice streams were 
possible. This could lead to ice sheet instability a large quantities of wat r could 
be transported from the interior. However, th ice sheet persisted for rv30,000 
years before collapsing during th Holocene. Therefore, basal temperatures near 
the melting point of ice do not solely indicate that ice sheets are unstable and on 
the verge of collapse. 
The climate trends for the past 500 years in northern Ontario and Qu bec are 
examin d in the second article. The ground surfac t emperature histori s from 18 
borehol temperature-depth profiles from 10 sites in northern Ontario and Que-
bec were reconstructed. These site li in th poorly sampl d region between 
51 °N-60° on ither side of J ames Bay. Similar ground surface temp rature his-
tories are r constructed from the regions with a r cent climate warming for the 
past ~50 years of 1-2 K, agreeing with reconst ructions for the southern portion of 
eastern and central Canada and available proxy data. However, a cao ling p riad 
associated with the little icc age is only found at one site. Furthermore, per-
mafrost maps locate the e boreholcs in a region of di continuou permafrost but 
permafrost was not encountered during sampling. With the exception of Nielsen 
Island , t h ground surface temp rature histories also suggest that the region was 
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void of permafrost for the past 500 years. This could be the r 'Bult of an offset be-
tween ground and surface air t emperatures due to snow caver in the region and/ or 
air surface t emperature interpolation used in permafrost models being unsuitable 
to represent the spatial variability of ground temperatures. 
The third article reconstructs the climat e of the past 500 years in northern Chile 
from 31 borehole temperature-depth profiles located in two regions, northern 
coast al Chile and north-central Chile. Trends differ between sampl d regions, 
which is not surprisings since they are ov r 500 km apart. The ground surface 
temperature history of Michilla, in northern coastal Chile, shows no warming or 
cooling signal. The north-central Chile ground surface temperature history has a 
very recent warming signal of 1. 9 K, st art ing rv20 years BP, preced d by a cao l-
ing from rv20-150 years BP. The magnit ude of this wann ing signal agrees with 
ground surface t emperature reconstructions for Peru and the semiarid regions of 
South America but is "'1.5-2 times grea t er than that found in met eorological dat a, 
climate reconstructions from other proxies for central Chile and southern South 
America and multi-model mean surface t mperatures from th past millennium 
simulations of t he Paleoclimate Intercomparison Modelling Proj ect Phase III for 
the Coupled Madel Intercomparison Project Phase 5. Diff renees are observed 
in the timing of the warming and the cooling period from rv20-150 years BP in 
north-cent ral Chile is only inferr d from t h ground surface t emperature history. 
A regional trend for northern Chile t hat cannat be resolved on the gridpoint scale 
could explain these differences. Howev r, more data sets and reconstruct ions are 
needed to con.firm these conclusions and determine the long-term climatic trends 
in northern Chile. 
KEYWORDS: ground surface temperature histories, inversion, paleoclimate, bore-
hale temperature-depth profiles, ground thermal regime. 
INTRODUCTION 
With evidence for increasing global t emperatures, there is concern about the con-
sequences climat e change will have on society and natural ecosystems. Models 
of Earth's climate, such as those from general circulation models (GCMs), allow 
for the study of variou future climate scenarios. However , th s models must 
be calibrated and tested against paleoclimate data and reconst ructions to assess 
their robustness. The e paleoclimat e data and reconst ructions also provide in-
sight to how past climate responded to diff'erent forcings , indicating how future 
climate might respond to increases in carbon dioxide in the atmosphere. As the 
met eorological record extends back, at best, 150 years , proxy climat indicators 
are necessary to resolve past climate trends. Pollen, tree rings, oxygen isotopes in 
ice cores and deep sea ediments , corals and borehole t emperature data ar some 
examples of proxy climate indicators. Difl:'erent parameters characterizing the 
climate can b reconstructed from these climate-dependent natural phenomenon 
(Bradley, 1999). The width of tr e rings , which depend on t emperature and pre-
cipitation during the growth season, are measured to infer past climate. Pollen 
assemblages found in sediment cores from lakes, ponds, or oceans indicate the 
type of veget ation present during the period of sedimentation and allow scientists 
to infer the local climate. Seasonal variations in t emperature and precipitation 
can be tracked by variations in the ratio of oxygen isotopes ( 6'180 ). The ratio of 
oxygen isotopes in deep sea sediment depends on oceanic t emperature and on the 
total volume of ic caps and glaciers . In ice cores, the ratio of oxygen isotopes 
depends on th t emperature of the air above the glaciers when snow accumulated. 
Borehole t mperatur data are obtained by m asuring how temperature varies 
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with depth in a bor hale, which i used to determine ground surface temperature 
( GST) his tory. Proxy elima te indicators ha v different advantag s, disadvantages, 
une rtainties, and spatial and temporal resolutions. High resolution proxies, such 
as tre -rings, can resolve s asonal to decadal chang but have difficulty resolving 
long-term climate trends. On the other hand, low resolution proxies (ex. bore-
hale temperatur data) resolv multi-decadal to centennial trends and highlight 
long-term climate trends. In this thesis, w us borehole temperature data to 
recon truct past climat and its variability. 
Borehole climatology assum that GST and surface air temperature (SAT) are 
coupled. Madel simulation (Garcia-Garcia et al., 2016) and comparison of bore-
hale temperature data with records from nearby rn teorological stations (Harris 
and Chapman, 1998; Beltrami, 2001) have confirmed this hypothesis. The first 
attempt at inferring climate from these temp rature data was made by Hotchkiss 
and Ingersoll (1934), who estimated the timing of the last glacial retreat from 
temperature measurements in the Calumet copp r mine in north rn Michigan. 
Howev r, it was only in the 1970s that systematic studies were conducted (e.g., 
Cermak, 1971; Sass et al. , 1971; Vasseur et al., 1983). With concern about climate 
change in the 1980s, studies estimating recent ground temperature changes ( <300 
years) became widespread (Lachenbruch and Marshall, 1986; Lachenbruch, 1988). 
Numerous high-resolution temperatur measurements in shallow mining explo-
ration boreholes (a few hundred met rs), primarily made for heat flux studi s, are 
available for studies of recent climate variations ( <500 years) and led to many 
local, regional, and global studies (e.g., Huang et al., 2000; Harris and Chapman, 
2001; Gasselin and I'v1areschal, 2003; Beltrami and Bourlon, 2004; Pollack and 
Smerdon, 2004; Chouinard et al. , 2007; Jaume-Santcro et al., 2016). Th global 
reconstruction of Huang et al. (2000) used temperature data from 616 borehol s. 
Howev r, the geographical coverage of these i v ry uncven, with several ubconti-
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nents void of data and reconstructions. Furthermore, the majority of these studies 
focus on recent climate trends ( <500 years) since there are very few deep ( ~1500 
rn) boreholes available to reconstruct on longer timescal s. 
The obj ective of thi work is to expand the spatial and t emporal scale of di-
mate studies based on borehole t emperature data. This will require the addition 
of borehole t emperature data and reconstructions in regions void of data so far 
and , with deeper boreholes, provide insight to their long-t enn elima tic tr nds . 
Firstly, we expanded the timescale and measured deep boreholes (~ 1500 rn) in 
east ern and central Canada to reconstruct the climate of the Last Glacial Cycle 
(LGC), a period rv120 ,000-12,000 years BP when large ice sheets covered most 
of the northern regions in the orthern Hemisphere. Secondly, we reconstructed 
the climate of the past 500 years in northern Ontario and Qu'bec. This region on 
bath sides of J ames Bay was previously void of borehole t emperature dat a and 
reconstructions. Finally, we examined the climat e trends for the last 500 years in 
northern Chile. Along with a lack of northern Chile borehole GST reconstructions, 
the South American continent has s en very few paleoclimat reconstructions. 
0.1 GST reconstructions from borehole t emperature dat a 
Earth 's subsurface thermal regime is govern d by the outfiow of h at from the in-
terior and persistent t emporal variations in GST. In homogeneous rock, assuming 
negligible heat production, and without GST variations , t emperature increases 
linearly with depth. Long-tenn persist ent GST variations propagat e into the 
subsurface and are recorded as perturbations t o this linear quasi-st eady stat 
g otherm (e.g., Hot chkiss and Ingersoll , 1934; Birch, 1948; Beek, 1977). The ex-
tent to which they arc recorded is proportional to their duration and amplitude 
and d creases with the time when they occurred. For periodic oscillations in sur-
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face temperature, the thermal perturbation propagates downward as a damped 
wave. Its amplitude decreases exponentially with depth over a length scale, c5 
(skin depth) , such that c5 = yfïZt7if: wh re T is the period and ~ is the thermal 
diffusivity ( rv 10- 6m 2 s-1 or rv31.5m2yr-1). This damping allows for the preserva-
tion of the long-term climatic signal by removing the high-frequency variability 
present in meteorological records. 
Reconstructing t he GST history from borehole temperatur data consists of an 
inverse geophysical problem. The inversion involv s solving for K + 2 unknown 
parameters for each depth wh re temperature is measured: (1) the long-tenn sur-
face temperature or the reference surface temperature (Ta), (2) the steady-state 
heat flux or th ref renee heat flux ( q0 ), and (3) the GST changes (tlTk) for 
K time intervals. Diff rent t echniques have been utilized to obtain GST histo-
ries from borehole temperature data ( e.g., Vasseur et al. , 1983; ielsen and Beek, 
1989; Shen and Beek, 1991 ; Mareschal and Beltrami, 1992; Clauser and Mareschal, 
1995; Mareschal et al., 1999b). Here, singular value decomposition is used as it 
has a straightforward application to GST reconstructions and reduces the impact 
of noise and errors on the solution (Lanczos, 1961). Further details can be found 
in Mareschal and Beltrami (1992), Clauser and Mareschal (1995), Beltrami and 
Mareschal (1995), and Beltrami et al. (1997). 
0.2 Measuring borehole t emperature data 
Several methods exist to measure borehole temperature. The conventional method 
involves lowering a calibrated thermistor attached to a cable into a borehole and 
measuring resistance (i.e. temperature), at fixed depth intervals or continuously. 
This results in temperature measurements with a precision better than 0.005 K 
and an accuracy on t he order of 0.02 K. An alternative method is digital optic-fibre 
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t mperature sen ing (DTS ), which is bas d on the measurem nt of a backscat-
ter d laser light pulse through a fi bre-optic cable (Forster et al. , 1997; Forster 
and Schrotter, 1997). This results in the instantaneous measurem nt of the entire 
profile once the cable has been completely lowered into the borchole and yields 
temperature measurements with a precision of 0.3°C. A detailed description of this 
methodology can be found in Forster et al. (1997), Forster and Schrott r (1997) , 
Hausner et al. (2011) and Suarez et al. (2011 ). When available, core samples are 
obtained to measure thermal conductivity, usually by the method of divided bar 
(Misener and Beek, 1960), and heat production. 
0.3 Suitability of borehole temperature data for climate studies 
We have applied several selection criteria t o retain only borehole temperature data 
suitable for climate studies. Changes in surface conditions, such as vegetation or 
snow cover, can alter the assumed GST and SAT coupling and th refore must b 
taken into consideration when d termining t he suitability for climate. Topography 
is known to distorts the temp rature isotherms (Jeffreys, 1938). A po it ive topog-
raphy leads to a reduced temperature gradient and an appar nt warming signal 
(Blackwell et al., 1980; Lewis and Wang, 1992). Sites with significant topogra-
phy must be excluded . Proximity to lakes is also known to distort temperature 
isotherms. This occurs when the mean distance between a lake and a bor hole 
i le than the depth of the borehole, resulting in a warming or cooling signal 
depending on the dip and azimuth of the hole (Lewis and Wang, 1992). The t ime 
period of interest must be considered to ensure that only boreholes de p enough 
are retained. The suitable depth (z) is determined by the scaling r lationship 
z~2.JtK,, where K, is thermal diffusivity and t is time. Finally, profiles ar visually 
examined to ens ure that there ar no discontinuities in the profile or sign of water 
flow. When a profile meets the selection criteria it can be used to d termine the 
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GST history. 
0.4 Application of GST reconstructions 
The results of this dissertation are presented in three distinct chapters as three 
scientific articles. The first and second articles have been published in Climate of 
the Past and the third is in preparation. A brief ov rview of each article follows. 
0.4.1 Basal t emperatures of the Laurentide lee Sheet 
The first article reconstructs the GST history for 100 to 100,000 years BP in 
eastern and central Canada. During the LGC, rv120 ,000-12,000 years BP, the 
Laurentide lee Sheet covered almost all of Canada. Thirteen deep (:2: 1500 rn) 
borehole temperature-depth profiles were measured in east ern and central Canada 
from the region covered by the southern portion of the Laurentide lee Sheet and 
used to det ermine the GST history from 100 to 100,000 years BP. The Laurentide 
lee Sheet persisted ov r 30,000 years with its largest extent during the Last Glacial 
Maximum (LGM), rv20,000 years BP. The examination of basal conditions during 
the LGM elucidat the basal conditions of a stable ice sheet and provide insight 
to the fat e and stability of the present-day ice sheets , Antarctica and Greenland. 
The GST histories show basal temperatures near the pressure mclting point of 
ice (-1.4°C to 3.0°C) during the LGM. This indicates the possibility of basal melt 
and fast fiowing ice streams. These processes are hypothesized to play a key role 
in glacial terminations as they can transport large quantities of water from the 
interior , leading to a thin, climatically vulnerable ice sheet (Marshall and Clark, 
2002). Since the ice sheet persist cl for over 30,000 y ars , our results indicate that 
basal temperatures near the pressure mel ting point of ice do not necessarily imply 
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that an ice sheet is unst able and on the verge of collapse. 
0.4.2 Climate in northern Ontario and Québec for the past 500 years 
The second article involves det ermining the GST histories for the past 500 years 
in northern Ontario and Québec. Many studies have been undertaken in the 
Canadian Arctic and the southern portion of eastern and central Canada (south-
ern portion of Superior Province) but the region between 50° and 60°N has re-
mained void of GST histories (e.g. ) Beltrami and Taylor) 1995; Huang et al. ) 2000; 
Harris and Chapman) 2001 ; Gasselin and IVIareschal) 2003; Beltrami and Bourlon) 
2004; Majorowicz et al. ) 2004; Pollack and Smerdon) 2004; Chouinard et al. ) 2007; 
Jaume-Santero et al. ) 2016). We analyzed twenty-five borehole t emp rature-depth 
profiles measured in northern Ontario and Québec) on either side of J ames Bay) 
between 50°N and 60°N and reconstructed the GST for the past 500 years to ex-
amine the long-tenn climate trends in the region. Furthermore) permafrost maps 
locate this region is a zone of discontinuous permafrost and isolated patch s of 
permafrost (Brown) 1979). This allows for the investigation of whether borehole 
temperature data and GST histories can be useful tools for permafrost studies. 
The GST histories for northern Ontario and Québec show a warming of 1.5±0.8 
K for t he last 150 year . This agrees with the warming of r-v1-2 K for the past 150 
years reconstructed for the southern portion of the Superior Province. A little ic 
age (LIA) signal was observed at only one site) Otoskwin) in northern Ontario. 
This is surprising as paleoclimatic reconstructions from pollen data found their 
greatest little ice age signal) a cooling of 0.3°C) in northern Québec (Gajewski ) 
1988; Viau and Gajewski) 2009). This could be due to insufficient resolution sine 
a cooling between 200 and 500 years BP is difficult to resolve in the pr s nee of 
noise. It could also be associated with ·an early lit tle ice age ( Chouinard et al.) 
2007) or be masked by physical effects (Gasselin and Mareschal) 2003). 
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Permafrost was not encountered during sampling of any of the 25 boreholes. As 
the majority lie in isolated patches of permafrost, thes statistics do not allow 
us to draw any conclusions. However, researchers from the GEOTOP and the 
Institut de Physique du Globe de Paris sampled more than 60 boreholes in the 
poradic discontinuous permafrost region of Manitoba and only encount red per-
mafrost at one site. Thi points to disparities with permafrost maps and leads 
to questions about their robustnes .. Furthermor , the GST histories for the past 
500 years remained well above freezing at all sites xc pt Niels n Island indicating 
a low probability of permafrost. This illustrates that borehole temperature data 
and GST histories could be useful in permafrost mapping and studies. 
0.4.3 Climate trends in northern Chile 
The third article focuses on recon tructing th climatic trends for the past 500 
years in northerr1 Chile. Many data sets and reconstructions are available for the 
Northern Hemisphere (e.g. , Mann et al., 1999; Mobcrg et al., 2005; Rutherford 
et al., 2005). However, thes are lacking for th Southern Hemispher , in particu-
lar South America, where knowledge of the past climate is limited (Huang et al., 
2000; Mann and Jones, 2003; IPCC, 2013). Thirty-one borehole temperature-
depth profiles from northern Chile have been analyzed to reconstruct the climate 
of the past 500 years. The profile suitabl for climat lie in two regions: northern 
coastal Chile and north-central Chile 
Differing trends were observed between the regions of northern coastal Chile and 
north-central Chile. This is not surprising as these two regions are over 500 km 
apart. The GST history of northern coastal Chil shows no warming or cool-
ing. A climate signCLl, how ver, was observed in north-central Chile. Between 
1500 and rv1800, no warming or cooling is found in the GST. A cooling of rv0.5 
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K was recorded between ""'1800 and 1940, followed by a warming of ""'2 K. The 
amplitude of this warming agrees with the GST history from borehole tempera-
ture data from two sites in Peru , at the northern edge of the Atacama De ert. 
But, no cooling signal is found in the Peruvian GST history. Meteorological data 
from north-central Chile show a pronounced cooling of ""'2.5 K betwe n 1950 and 
1960. This could explain the cooling present in the north-central Chile GST his-
tory as a local feature. The north-central Chil GST history was also compared 
with data from the CRUTEM4, paleoclimate proxy reconstructions for central 
Chil and southern South America, and with climate model simulations. These 
comparisons show sev ral differences: (1) the cooling signal is only pr sent in the 
north-central Chile GST and (2) a greater warming signal ( ""'2 K) is observed 
in th GST reconstructions. Thes differences could be attribut d to the coarse 
gridding of th CRUTEM4 and climate simulation and their lack of resolution in 
central Chile and southern South America. More data and reconstructions are 
requir d to resolve the long-tcrm climatic trends in northern Chile. 
0.5 Originality and contribution 
The three articles ar original studies that have not been previously undertaken. 
Whil Chouinard and 1/Iareschal (2009) have previously studied th basal temper-
atur s of th Laurentide lee Sheet, I have expand d th ir data set and reanalyzed 
all borehole temperature data. I have also compared inversions with the first order 
estimation of GST, a new t chnique. My results led to conclusions concerning the 
present-day ice sheets. My contribution has been key to the completion of these 
works. For the three articles, I processed the data, performed the analyses, and 
wrote the articles. Furthermore for the first and third article, I took part in the 
fi ld work to obtain the borehole temp rature-depth profiles. My directors, Hugo 
Beltrami and Jean-Claude Mareschal, have co-authored all three article . Discus-
sion with them throughout the work has been infiuencial in shaping it and they 
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played an important role in editing all the articles and respons s to reviewers. 
CHAPTER I 
LAURENTIDE ICE SHEET BASAL TEMPERATURES AT THE LAST 
GLACIAL CYCLE AS INFERRED FROIVI BOREHOLE DATA 
Manuscript published in Climate of the Past 1 
1 Pickler , C., Beltrami , H. , and Mareschal, J .C., 2016. Laurentide lee Sheet basal tem-
peratures at the Last Glacial Cycle as inferred from borehole data, Climate of the Past , 11 , 
3937-3971 , doi:10 .5194/ cp-12-115-2016 
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Abstract 
Thirteen t emperature-depth profiles (~ 1500 rn) measured in boreholes in eastern 
and central Canada were inverted to d t ermine the ground surface temperature 
histori s during and after the last glacial cycle. The sit s are located in the 
southern part of th region covered by the Laurentide lee Sheet. Th inversions 
yield ground surfac temperatures ranging from -1.4 to 3.0°C throughout the last 
glacial cycle. These t mp ratures, near the pressure melting point of ice, allowed 
basal flow and fast flowing ice streams at the base of the Laurentide lee Sheet . 
Despite such conditions, which have been inferred from geomorphological data, 
the ic sheet persisted throughout the last glacial cycl . Our results suggest sorne 
regional trends in basal temperatures with possible control by internai heat flow. 
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1.1 Introduction 
The impact of future climate change on the stability of the present-day ice sheets 
in Greenland and Antarctica is a major concern of the scientific community ( e.g. 
Go mez et al., 20 10; Mitrovica et al., 2009). Satellite gravity measur ments per-
formed during the GRACE mission suggest that the mass loss of the Greenland 
and Antarctic glaciers has accelerated during th decade 2002-2012 (Velicogna and 
Wahr, 2013). Over the past two decades, mass loss from th Greenland le Sh et 
has quadrupled and contributed to a fourth of global sea level rise from 1992 to 
2011 (Church et al., 2011; Straneo and Heimbach, 2013) . In 2014, two t ams of 
researchers noted that the collapse of the Thwaites Glacier Basin, an important 
component holding together the West Antarctic lee She t, was potentially under-
way (Joughin et al., 2014; Rignat et al. , 2014). The collapse of the entire West 
Antarctic lee Sheet would lead to rise in sea level by at least 3 m. Th present 
obs rvations of the ice sheet mass balance are important. However, to predict the 
effects of future climate change on the ice sheets, it is n cessary to fully under-
stand the mechanisms of ice sheet growth, decay, and collapse throughout the past 
glacial cycles. The mo dels of ice sheet dynamics d uring past glacial cycles show 
that the thickness and elevation of the ice sheets and the thermal conditions at 
their bas are key parameters controlling the basal flow regime and the evolution 
of the ice volume (Marshall and Clark, 2002; Hughes, 2009). 
During the last glacial cycle (LGC), rv 120000-12000 yrs BP, large ic sheets 
formed in the N orthern Hemisphere, covering Scandinavia and almost all of Canada 
(Denton and Hughes, 1981; Peltier, 2002 , 2004; Zweck and Huybrechts , 2005). The 
growth and decay of icc sheets are governed mainly by ice dynamics and ice sheet-
climate interactions (Oerlemans and van der Veen, 1984; Clark, 1994; Clark and 
Pollard , 1998). lee dynamics are also strongly controlled by the underlying g olog-
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ical substrate and associated processes (Clark et al., 1999; Marshall, 2005). Clark 
and Pollard (1998) studied how the ice thickness and the nature of the geological 
substrate control flow at the base of the glacier. They showed that soft beds, beds 
of unconsolidated sediment at relatively low relief, result in thin ice sheets that 
are predispo ed to fast ice flow when possible. Hard beds, beds of high relief crys-
talline bedrock, on the other hand, provide the ideal conditions for the formation 
of larger , thick ice sheets that experience stronger bed-ice sheet coupling and slow 
ice flow. Basal flow rate is also affected by th basal temperatures, which play 
a key role in determining the velo city. However , the ice sheet evolution mo dels 
use basal temperatures that are poorly constrained because of the lack of direct 
data pertaining to th nnal conditions at the base of ice sheets . The objective of 
the present study is to use borehole temperature depth data to estimate how th 
temperatures vari d at the base of the Laurentide lee Sheet during the last glacial 
cycle. 
Temporal variations in ground surface temperatures (GST) are recorded by Earth 's 
subsurface as perturbations to the "steady-state" t emperature profile ( e.g. , Hotchkiss 
and Ingersoll , 1934; Birch, 1948; Beek, 1977; Lachenbruch and Marshall , 1986). 
With no changes in GST, the thermal regime of the subsurface is governed by 
the outflow of heat from Earth 's interior resulting in a profile where t emperature 
increases with depth. In homogeneous rocks without heat sources, the "equilib-
rium temperature" increases linearly with depth. When changes in ground sur-
face temperature occur and persist, they are diffused downward and recorded as 
perturbations to the semi-equilibrium thermal regime. These perturbations are 
superimposed on the temperature-depth profile associated with the flow of heat 
from Earth's interior. For periodic oscillations of the surface temperature, the 
temp rature fluctuations decreas ~ exponentially with depth such that: 
. ~ ~ T(z, t) = 6.Texp(2wt - z -)exp( -z -) 2r;, 2r;, (1.1) 
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where z is the depth, t is time, "" is the thermal diffusivity of th rock, w is the 
frequency, and b.T is the amplitude of the temperature oscillation. Long time 
persistent transients affect subsurface temperatur to great depths. Hotchkiss 
and Ingersoll (1934) were the first to attempt and infer past climate from such 
temperature-cl pth profiles, specifi.cally they estimated the timing of the last 
glacial retreat from temperature measur ments in the Calumet copper mine in 
northern Michigan. Birch (1948) estimat d the perturbations to the temperature 
gradient caused by the last glaciation and suggested a correction to heat flux de-
terminations in regions that had been covered by ice during the LGC. A correction 
including t h glacial-interglacial cycles of the past 400,000 years was proposed by 
Jessop (1971) to adjust the heat flow measurements made in Canada. It was 
only in th 1970s that systematic studies were undertaken to infer past climate 
from borehole temperature profiles (Cermak, 1971; Sass et al., 1971; Beek, 1977). 
The use of borehole temperature data for estima ting recent ( <300 years) elima te 
changes became widespread in the 1980s because of concerns about increasing 
global t mperatures (Lachenbruch and Marshall , 1986; Lachenbruch, 1988) . High 
precision borehole t emperature m asurements have been mostly made for estimat-
ing heat flux in relatively shallow (a few hundred meters) ho les drilled for mining 
exploration. Su ch shallow boreholes are suitabl for studying recent ( <500 years) 
climate variations and the available data have been interpreted in many regional 
or global studies (e.g., Bodri and Cermak, 2007; J aupart and Mar schal, 2011 , 
and references therein). However, very few deep ( ~ 1500 m) borehole tempera-
t ure data are available to study climate variations on the time scale of 10 to 100 
kyr. Oil exploration wells are usually a few km deep but are not suitable because 
t he temperature measurements are not made in thermal equilibrium and lack the 
required precision. N onetheless a few de p mining exploration ho les hav been 
drilled, mostly in Precambrian Shields, where temperature measurements can be 
. 
used for climate studie. on the t ime scale of the LGC. In Canada, Sass et al. 
16 
(1971) measured temperatures in a deep (3000 rn) borehole near Flin Flon, Man-
itoba, and used direct models to show that the surface t emperature during the 
last glacial maximum (LGM), rv 20 ,000 yrs BP, could not have be n more than 5 
K colder than present. Ot her Canadian deep boreholes temperature profiles have 
since been measured revealing regional differences in temperatures during the 
LGM. From a deep borehole in Sept-Iles, Québec, Mareschal et al. (1999b) found 
surface t emperatures to be approximat ely 10 K colder than present. This was 
confirmed by Rolandone et al. (2003b) who studied four deep holes and suggested 
that LGM surface t emperatures were colder in east ern Canada than in central 
Canada. Chouinard and Mareschal (2009) examined eight deep boreholes located 
from central to eastern Canada and observed significant regional differences in heat 
flux , t emperature anomalies and ground surface t emperature histories. Majorow-
icz et al. (2014) have studied a 2,400m de p well near Fort McMurray, Alberta, 
penetrating in the basement. Th y interpreted t he variations in heat flux as due 
to a 9.6 K increase in surface temparature at 13 ka. Majorowicz and Safanda 
(2015) have revised this estimate to include the effect of the variations of h at 
product ions with depth which is non negligible in granitic rocks with high heat 
production. They concluded that temperatures at the base of the ice sheet in 
Northern Alberta were about -3°C during the LGM. On the other hand, studies 
of deep bor holes in Europe lead to different conclusions for the Fennoscandian 
lee Sheet which covered parts of Eurasia during the LGC (e.g. , Demezhko and 
Shchapov, 2001 ; Kukkonen and Jôeleht , 2003; Safanda et al. , 2004; Majorowicz 
et al. , 2008; D mezhko et oJ , 2013; Demezhko and Gornost aeva, 2015) . Kukkonen 
and Jôeleht (2003) analyzed h at flow variations with depth in several boreholes 
from th Baltic Shield and t he Russian Platform and found a 8 ± 4.5 K t empera-
ture increase following the LGM. Demezhko and Shchapov (2001 ) studi d a rv 5 
km deep borehole in the Urals , R.ussia, and found a postglacial warming of 12-13 
K with basal temperatur s below the melting point of ice during the LGM. This 
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was confirmed by recent work indicating that t emperatures in the Urals were rv 
- oc at the LGM (Demezhko and Gornostaeva, 2015). 
In this study, we shall examine all the deep borehole t mperature profiles mea-
sured in central and eastern Canada in order to det ermine the t emperatur at 
the base of the Laurentid lee Sheet , which cover d th area during th LGC . 
The geographical extent of the study is confined to the southern portion of the 
Laur nt ide lee Sheet because deep mining exploration boreholes have only be n 
drilled in the southernmost part of t he Canadian Shield. 
1.2 Theory 
For calculating the t emperature-depth profile, w assume that heat is transport d 
only by vertical conduction and that the temperature perturbation is th result of a 
time-varying, horizontally uniform, surface temperature boundary condition. Th 
t emperature at depth in the Earth, for a homogeneou half space with horizontally 
uniform variations in the surface t emperature, can b writt n as: 
rz dz' rz' 
T (z ) = T0 + Q0 R(z) - la À(z') la H( z") dz" + Tt( z ) (1.2) 
where T0 is the reference ground surfac temp ratur ("steady-state"/ long-term 
surface temperature), Qo is t he ref renee heat flux ("steady-stat e" heat flux from 
depth), À(z) is the thermal conductivity, z is depth, Hi the rat of heat gener-
ation, and Tt(z) is the temperature perturbation at d pth z due to time-varying 
changes to the surface boundary condition. R(z) is the thermal resist ance to 
depth z, which is defined as : 
rz dz' 
R(z) = la À(z') (1.3) 
Thermal conductivity is measured on core samples, usually by t he method of di-
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vided bars (Misener and Beek, 1960). Radiogenic heat production is also measured 
on core samples. The temperature perturbation at depth z resulting from surface 
temperature variations can be written as (Carslaw and Jaeger , 1959): 
(1.4) 
where t is time before present, K is thermal diffusivity and T0 (t) is the surface 
temperature at time t (Carslaw and J aeger , 1959). For a stepwise change b.T 
in surface temperature at time t before present, the temperature perturbation at 
depth z is given by (Carslaw and Jaeger , 1959): 
Tt(z) = b.Terfc( ~) 
2yKt 
where erfc is the complementary error function. 
(1.5) 
If the ground surfac temperature variation is approximated by a series of constant 
values b.'lk during K time intervals (tk_1 , tk ), the t mperature perturbation can 
be written as follows: 
(1.6) 
The b.Tk represent the departure of the average GST during each time interval 
from T0 • 
1.2.1 First order estimate of the GST History 
We have directly used variations in the long-term surface temperatur with d pth 
to obtain a first order estimate of time variations in surface temperature. To 
interpret subsurfac anomalies as records of GST history variations, we must sep-
arate the climate signal from the quasi steady-state temperature profil . The 
quasi steady-state thermal regime is stimated by a least squares linear fit to the 
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lowermost 100 rn section of the t emperature-depth profile. The slope and the sur-
face intercept of the fitted line are interpreted as the 11 steady-state 11 temperature 
gradient ra and the long-term surface t emperature Ta respectively. The bottom 
part of the profile is the section least affect ed by the recent changes in surface 
temperature and dominated by the steady-state heat flow from Earth 's interior. 
When we are using a shallower section of the profile, t he estimated long-term 
t emperature and gradient are more affected by recent perturbations in the surface 
t mperature. The shallower the section, the more recent the p rturbation. Thus 
we determine how the stimated long-term surface temperature varies with time 
by it rating through different sections of the t emperature-depth profil . Using th 
scaling of equation 1.5, the time it takes for the surface temperatur variation to 
propagate into the ground and the depth of the perturbations are related by: 
t ~ z2 /4"" (1. 7) 
with "" thermal diffusivity, z is the depth, and t is time. 
This approach yields only a first arder estimate becaus the t emperature pertur-
bations are attenuated as they are diffused downward. However, the temporal 
variation of the long-term surface temperature is obtained by xtrapolating the 
semi-equilibrium profile to the surface. The effect of a small chang in gradient 
on the long-term surface t empera ture is proportional to the average depth where 
the gradient is estimated. Variat ions in the calculated long-term surface temper-
ature are thus less attenuated than the perturbations in the profile and may well 
provide a gross approximation of the GST history, but independent of the madel 
assumptions in an inversion procedure. 
1. 2. 2 Inversion 
In arder to obtain a more robust estimate of the GST histori s, we have in-
verted the tcmp rature-depth profiles for each site and , when ver profiles from 
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nearby sites are available, we have inverted them jointly. The inversion consists 
of determining T0 , Q 0 , and the !::,Tk from the temperature-depth profil ( •qua-
tian 1.6). For each depth where temperatur is measured, equation 1.6 yi lds a 
linear equation in 6.Tk. For N temperatur measurem nts, we obtain a system 
of N linear equations with K + 2 unknowns , T0 , Q0 , and K values of !::,Tk. Even 
when N ~ K + 2, the system seldom yields a meaningful solution because it is 
ill-conditioned. This rn ans that the solution is unstable and a small error in the 
data results in a very large error in the solution (Lanczos , 1961). Different authors 
have propos d different inversion techniques to obtain the GST history from the 
data (e.g., Vasseur et al., 1983; Shen and Beek, 1983; Nielsen and Beek, 1989; 
Wang, 1992; Shen and B ck, 1991; Mareschal and Beltrami, 1992; Claus r and 
Mareschal, 1995; Mareschal et al., 1999b). Here, to obtain a "solution" regardless 
of the number of equations and unknowns and to reduc the impact of noise and 
errors on this solution, singular value decomposition is used (Lanczos, 1961; J ack-
son, 1972; Menk , 1989). This technique is well documented and further details 
can be found in Nlareschal and Beltrami (1992), Clauser and Mareschal (1995), 
Beltrami and Mareschal (1995), and Beltrami et al. (1997). 
1.2.3 Simultaneous inversion 
As meteorological trends remain correlated over a distanc on the order of 500 
km (Beltrami et al., 1997), bor holes within the same region are assumed to have 
been affected by the same surface temperature variations and their subsurface 
temperature anomalies are expected to be consistent. This holds only if the sur-
face conditions are identical for all boreholes. If these conditions are met, jointly 
inverting different temperature-depth profiles from the same r gion will increase 
th signal to noise ratio. Singular value decomposition was used to jointly in-
vert the sites with multiple boreholes. A detailed description and discussion of 
the rn thodology can be found in papers by Beltrami and Mareschal (1995) and 
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Beltrami et al. (1997) . 
1.3 Data Description 
We have used thirteen deep boreholes (2::1500 rn) across astern and central 
Canada to determine the t emperature t hroughout and after the LGC. All the 
sites ar located in the southern portion of the Canadian Shield, which was cov-
ered by the Laurentide lee Sheet that extended over most of Canada during the 
LGC (Figure 1.1). Borehole locations and depths are summarized in Table 1.1. All 
the hol s that w logged were drilled for mining exploration. The only exception 
is Flin Flon that was drilled to b instrumented with low noise seismometers for 
monitoring nuclear tests. Det ailed description of the measurement t echniques as 
well as the relevant geological information can be obtained from the heat flow pub-
lications (Sass et al. , 1971; Mareschal et al., 1999b,a; Rolandone et al. , 2003a,b; 
Perry et al. , 2006, 2009; Jaupart et al. , 2014). We shall briefiy summarize the 
main steps of the measurement t echnique has been described in several papers 
(e.g. Mareschal et al. , 1989; Perry et al. , 2006; Lévy et al. , 2010). Temperature 
is measured at 10 rn intervals along the hole by lowering a calibrated probe with 
a t hermistor. The precision of the measurements is better than 0.005K with an 
overall accuracy estimated to be of the order 0.02K Thermal conductivity is mea-
sured on core samples. Samples are collected in every lithology with an average 
of one sample per 80m. The thermal conduct ivity is measured with a divided bar 
apparatus on five cylinders of the core with thickness varying between 0.2 and 
l.Ocm. This method based on five measurements on relatively large core samples 
provides t he best estimate of the thermal conductivity of the bulk rock and is 
unaffected by small heterogeneit ies . Samples of the core have also been analyzed 
for heat production following the method described by Mar schal et al. (1989). 
A description of eight sites, Flin Flon, Pipe, Manitouwadge 0610, Manitouwadge 
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0611, Balmertown, Falconbridge, Lockerby, and Sept Iles, can be found in Rolan-
done et al. (2003b) and Chouinard and Mareschal (2009) . Five additional profiles 
(Owl, n ar Thompson, Manitoba, Victor and Craig Mines both near Sudbury, 
Ontario , Matagami and Val d 'Or, Québec) w re analyzed. The Val d 'Or bore-
hale was logged in 2010 to a depth of rv 1750 m. It is situated 15 km east of the 
mining camp of Val d'Or, Québec in a fiat for sted area. The Matagami borehole 
is located near the mining camp of Matagami, ome 300 km north of Val d 'Or. 
The Owl borehole, which was logged in 1999 and 2001, is located rv5 km from the 
Birchtree Mine and rv8 km south of the city of Thompson, Manitoba. The two 
other new bor holes, Craig Mine and Victor Mine, are located within the Sud-
bury structure, north-east of Lake Huron, in Ontario. The Craig Mine borehole, 
near the town of Levack, north-west of Sudbury, was logged in 2004. The deep 
mine was in operation when rn asurements were made and pumping activity was 
continuous to keep the deep mine galleries from fiooding. The Victor Mine site 
was sampl d in 2013, close to the community of Skead, north-east of Sudbury, 
Ontario . Victor Mine operated in 1959 and 1960 but exploration and engineering 
work is presently underway to prepare for reopening the mine at greater depth. 
We found systematic variations of thermal conduct ivity at Flin Flon, Thompson 
(Owl), and Matagami, and we corrected accordingly (Bullard, 1939). We calcu-
lat d the thermal resistance and obtained a t mperature vs thermal resistance 
profil that is almost linear. We calculated the beat flux as the slope of th 
temperature-resistance and found no discontinuity in h at flux along the profile 
(Table 1.1). For all the other sites that how no systcmatic variations in conduc-
tivity, we have used th mean thermal conductivity to calculate heat flux. Beat 
production was measur d and found to only b significant at two sites, Lockerby 
(3p,W m- 3) and Victor Mine (0.9p,W m-3), and thcrefore only takcn into account 
at t he e ites. Variation in heat product ion with depth may aff ct the tempera-
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ture profiles and the GST (Majorowicz and Safanda, 2015) . Because syst ematic 
variations of heat production with depth were not present at these sites, they 
were not included in the inversion. In absence of heat production and in steady-
state, the heat flux does not vary with thermal resist ance. Variations in heat 
flux with thermal resistance (or depth) is thus a diagnostic of depart ure from 
1-D steady-state thermal regime. A decrease in heat flux toward the surface is 
associated with surface warming and enhanced heat flux is due to cooling. The 
heat flux profiles that we have calculated for all the sites (Figure 1.2) exhibit 
clear departures from 1-D steady-state condition. The heat flux was calculat ed 
as the product of the temperature gradient and the thermal conductivity within 
each interval. No smoothing was applied. As expected the gradient profile con-
tains high frequency variations as the gradient always amplifies noise and errors 
in the t emperature measurements. Sorne holes appear to be noisier at depth near 
the exploration targets because of small scale conductivity variations due to the 
presence of mineralization. Furthermore, the inclination of sorne of the holes de-
creases markedly at depth resulting in larger errors in the gradient. For example, 
the inclination Val d 'Or, 85 degrees at the collar, was only 20 degrees near the 
end of the hole. l\1ost of the profiles show a very pronounced increase of heat flux 
with depth at shallow depth ( <200 rn) and a clear trend of increasing heat flux 
between 500 and 1500 m. The increase at shallow depth is related to v ry r cent 
( < 300 years) climat e warming. The trend between 500 and 1500 rn is the result 
of the surface warming that followed the glacial retreat at ca 10 ka. 
1.4 Analysis and Results 
1.4.1 Long-term Surface Temperatures 
Estimated long-term surface t emperatures as a function of t ime and d pth (i. e. 
proportional to depth squared) were determined for each borehole (Figure 1. 3). 
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The time in these plots represents the time it took the signal to propagat e and 
not the time that the surface t emperature perturbation occurred. The range of 
long-term surfac t emp ratures for each borehole was estimated over its sampled 
depth and revea.l the persistent long-term climate trends. Th se trends are the 
mirror image of the heat flow trends. 
A decreasing t emperature trend with time and depth is apparent in all the bore-
hales in Manitoba except Pipe that does not show a clear trencl. Variations of 
surface t emperature are not consistent , with almost no trend at Pipe and a weak 
signal at Owl. The Flin Flon borehole is the deepest available for this study and 
provides a history four times longer than that of the two shallower boreholes at 
Owl and Pipe. It is consistent with a calder period coinciding with the LGM. In 
western Ontario, Manitouwadge 0611 exhibits very strong oscillations at depth. 
The source of noise is difficult to ascertain because of the complicated geolog-
ical structure and the absence of thermal conductivity data. Borehole 0610 at 
Manitouwadge is consistent with calder t emperatures during the LGM but the 
Balmertown hole does not show any variation in long-tenn surface t emp rature. 
Four profiles at Sudbury, are consistent with calder t emperature during the LGM, 
but the amplitude of the trend varies between sites. Similar trends are observed 
for the threo easternmost holes in Québec with long-term temperatures on average 
5 K lower near the bottom of the holes than near the surface. 
These first order estimates suggest calder surface t emperatures during the LGM 
at most of the sites. In order to better quantify the surface t emperature changes, 
we must turn to inversion and obtain the GST histories. 
1.4.2 Individual inversions 
The GST histories at all the studied sites for the time period of 100 to 100,000 
years BP was inverted from the t emperature-depth profiles . Th tim span of the 
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GST history model consists of 16 intervals whose distribution varies logarithmi-
cally because the resolution decreases with time. A singular value cutoff of 0.08 
was used for all the individual profile inv rsions (Figures 1.4-1.7). The singu-
lar value cutoff eliminates the part of the solution that is affected by noise and 
effectively introduces a smoothing constraint on the solution (Mar schal and Bel-
trami, 1992). A summary of the inv rsion results can be found in Table 1.2. Two 
main episodes can be recognized in the GST histories: One is associated with a 
minimum t mperature that occurred around the LGM at ca 20ka. The second is 
a warming observed at ca 2-6 ka coinciding with the Holocene Climatic Optimum 
(HCO), a warm period that followed the deglaciation (Lamb, 1995). 
For the purpose of the discussion, we have grouped the sites sites that are from the 
same geographical region. We shall thus distinguish between Manitoba, western 
Ontario, the Sudbury area, and Québec. 
The sites from Manitoba, Flin Flon, Owl and Pipe, have not recorded a very 
strong signal and do not exhibit common regional trends are observed (Figure 1.4). 
The lack of regional trends is expected as Thompson ( Owl and Pipe) and Flin 
Flon sit s are rv300 km apart and the present day ground surface t emperatures 
differ by 3K. The weak signal recorded may be in part because the present ground 
surface temperature is very low; it is close to 0°C in Thompson where int rmittent 
permafrost is found. At Flin Flon, where the present ground temperature is n ar 
3°C , we found that ground surfac t emperature variations were small , confirming 
previous studies by Sass et al. (1971) . The surface t emperatur was minimum 
around the LG11 and was near the melting point of ice (-0.3° C). For Pip , little 
to no signal was recorded. We found that there was minimal change in the ground 
surface t emp rature (rv2 .5 K in amplitude) over the past 100,000 years. For 
Owl, the amplitude of the t emperature changes has doubled ( rv5 K), with the 
minimum temperature (-2.4° C) around the LGM and a warming around the HCO. 
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Although this result is plausible, some uncertainty remains as Guillou-Frottier 
et al. (1996) noted high heat flux correlated with high thermal conductivity in 
the Thompson Belt. The elevated t hermal conductivity is due to the presence 
of vertical slices of quartzites, which increase t hermal conductivity by a factor of 
1. 7. Furthermore, the site is affected by a po orly resolved conductivity structure 
as thermal conductivity measurements vary in t he deepest part of the borehole, 
between 2.21 and 5.14 W m- 1 K- 1 . The lateral heat refraction effects due to 
the thermal conductivity contrast affect t he temperature profiles and alter the 
GST history. For these reasons, we have little confidence in the robustness of the 
Owl GST history reconstruction. In western Ontario (Balmertown, Manitouwadge 
0610 , and 0611), result at all sites show minimum temperatures around the LGM, 
with a very weak minimum at Balmertown (Figure 1.5). However, the amplitude 
of the temperature change is much larger at Manitouwadge 0611 ( I'V 10 K) t han 
Balmertown ( I'V2 K) and Manitouwadge 0610 ( I'V3 K). As t he two Manitouwadge 
sites are only I'V40 km apart, this difference is surprising. While Manitouwadge 
0611 yields a plausible GST history, it appears to have an amplified signal. The 
site is located in a complex geological structure and lacks thermal conductivity 
data. There is also a change in the temperature gradient at 500 rn, which cannot 
be accounted for. In the absence of t hermal conduct ivity data, we cannot consider 
the GST history for Manitouwadge 0611 as reliable. 
All four sites in the Sudbury region, Craig Mine, Falconbridge, Lockerby, and 
Vict or Mine, have recorded minimal temperatures around the LGM (Fig 1.6). 
However, t he minimum past temperatures for the region do vary between sites. 
The coldest minimum temperature was found at Craig Mine. The amplitude of 
the temperature changes for the site (l'V 12 K) is much larger than those of the 
other sites , which vary between I'V5-7 K. This difference is unexpected as these 
sites are all within t he Sudbury craton and should have recorded similar histories. 
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Th Craig Mine signal appears amplified , which could be the result of water fiows 
indue d by pumping a t 1 vels below 2000 rn in the mine. We thus beli ve that 
the GST history for Craig Mine is not reliable. The minimum temperatures at 
Lock rby and Victor IVIine, 2. oc and 3.0°C , are also t he highest of the study. 
These are also the only two sites with non-negligible heat production, 3f.lW m - 3 
and 0.9J.lW m - 3 respect ively. The corrections for heat production produce an 
increase of t he temperature gradient proportional to dept h and result in an am-
plification of the warming signal in the profile. Consequently, the minimum and 
maximum temperatures would be higher at these ites, Lockerby and Victor Min , 
than thos with negligible heat production. 
The GST histories from t he t hr e boreholes in Québec , Mat agami, Val d 'Or and 
8 pt Iles, dis play regional differ nees (Figure 1. 7) . However , for all three sites, 
the minimum temperatures are synchronous and occurr d around the LGM. For 
all the sit s used in thi study, the lowest minimum t emperature occurr d in this 
region, -1.4°C at 8 pt Iles . 
At all sites, excluding Pipe mine, w found that th ic retreat was followed by a 
warm epi ode, t hat can be as ociated with t he HCO , a wann period whose maxi-
mal t emperatures have been dat ed at 4.4-6.8 ka with palynological r const ructions 
from northern Ontario and northern Michigan (Boudreau et al. , 2005; Davis et al. , 
2000). 
We have compared the ranges of temperature in the inverted GST historie with 
those of t he long-term surfac temperature variations for all t he sites (Table 1.4). 
Although the total range varies between sites from rv2 K t o rv8 K , t he two meth-
ods yi ld consist ent values that differ by less than 1 K at most of th sites. The 
warming t r nd in the long-term surface t emperature variations is consistent wit h 
th inverted GST histories . This correlation between the long-term surface t m-
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perature ranges and the persistent long-term GST history trends suggests that 
our results are robust. The inversion of borehole profiles has a v ry limited re-
solving power and short p riod oscillations can seldom be recovered. In practice, 
the duration of an episode must be proportional (1 / 3 to 1/ 2) to the tim when 
it occurred. The last glacial period is easily identified, but shorter period ev nts 
such as the HCO that lasted 1-2 kyr around 5 ka ar just beyond the thr shold 
of resolution. It is thu possible, that constraining the GST to include th HCO 
would result in colder GST during the LGM, as suggested by Will Gosnold in 
his comment. This would require obtaining proxy data from sites close to Flin 
Flon and Thompson. This also requires documenting the temperature conditions 
at the bottom of Lake Agassiz which cover d most of Manitoba after th glacial 
retreat. 
1.4.3 Simultaneou Inversion 
We have inverted simultan ously the boreholes of Thompson (Owl and Pipe), 
Manitouwadge (0610 and 0611) and Sudbury (Craig Mine, Falconbridg , Lockerby, 
and Victor Mine) to observe regional trends and to improve the signal to noise ra-
tio (Figure 1.8). The simultaneous inversion results ar summarized in Table 1.3. 
For simultaneous inversion, the temperature-depth profiles were truncated to en-
sure a common depth for all th boreholes . This insures consistency and facilita t es 
comparison because we ar examining the subsurface temperature anomalies for 
the same time period. For all inver ions , the minimum temperature occurs around 
the LGM and the deglaciation is followed by a warming associated with th HCO. 
Altough Owl and Manitouwadge 0611 have questionable individual inversions, we 
have still performed sünultaneaous inv rsions for the regions of Thompson and 
Manitouwadge in an attempt to decrease the signal to noise ratio. For Thomp-
son, the width of the GST history temperature range is rv4 K. As Pipe did not 
appear to record a signal, the simultaneous inversion app ars to have damped 
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slightly the questionable signal recorded at Owl. The amplitude difference for the 
Manitouwadge GST history is rv8 K, between that of 0610 ( rv3 K) and 0611 ( rv10 
K). 
The Sudbury simultaneous inversion was performed with and without Craig Mine. 
This was done to check whether the inclusion of Craig Mine, a site which we 
suspect to have been affected by water flow , affects the reconstructions. Both 
inversions dis play similar trends; however, there is a difference in th range of 
temperature variations. The inversion excluding Craig Mine yielded a .6. T of 7 
K, similar to those of the individual inversions of Falconbridge ( rv7 K), Lockerby 
(rv7 K) and Victor JVline (rv5 K). Upon inclusion of Craig Mine, .6.T was increased 
to 11K, demonstrating that the presence of a signal due to water flow in the 
t emperature profile at this site has a strong effect on the results of the simultaneous 
inversion. 
1. 5 Discussion 
The minimum temperatures of the GST histories occur around the LGM, repre-
senting the basal temperatures of the Laurentide lee Sheet. These temperatures 
vary spatially and range from -1.4 to 3.0°0, near or above the pressure melting 
point of ice. Such spatial variation is expected as numerous studies have demon-
strated present-day spatial basal temperature variability beneath the Antarctic 
and Greenland lee Sheets (e.g., Dahl-Jensen et al. , 1998; Pattyn, 2010; Schneider 
et al., 2006). The highest basal temperatures occur within the Sudbury basin at 
Lockerby and Victor Mine. The Sudbury region has the highest averag heat flux 
of the Canadian Shield, rv54m W m-2 , because crustal heat production is higher 
than average (Perry et al., 2009). The lowest basal temperature is recorded at 
s pt Iles, where the heat flux is the lowest of the studied regions , rv34m w m- 2 . 
These correlations suggest a link between h at flux and basal temperatures. This 
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is further supported by modelling work showing that heat flux influences the ther-
mal structure and properties of ice sheets, including basal t mperatures and ice 
flow (Greve, 2005; Pollard et al., 2005; Llubes et al. , 2006). However , the Sept Iles 
basal temperature has also been linked toits proximity to the edgc of the ice sheet 
and area of thinner ice (Roland one et al. , 2003b) . Our study is consistent with a 
possible link between basal temperature and h at flux along with ice dynamics in 
the Laurentide lee Sheet during the LGC but further modelling work is n cessary 
to confirm such a relationship. Variations in these parameters (heat flux and ice 
dynamics) could account for the differences observed in the basal temperatures 
beneath the Fennoscandian and Laurentide ice sheets. 
The basal temperatures recorded, near the pressure melting point of ice, indicate 
the possibility of basal flow and ice streams, two important factors affecting ice 
sheet evolution. These processes have been suggested by geomorphological evi-
dence presented by Dyke et al. (2002) and predicted by the lCE-5G model (Peltier, 
2004). Basal flow has the ability to transport large amounts of water from the inte-
rior of the ice sheet, leading to thinning of the ice sheet and climatically-vulnerable 
ice. lt is postulated to be a key factor in glacial terminations (Marshall and Clark, 
2002). Furthermore, these temperatures demonstrate that the southern port ion 
of the Laurentide lee Sheet was not frozen to the bed , suggesting basal sliding. 
These conditions can lead to instability. Widespread basal sliding and increase 
surface meltwater could have been a factor resulting in the rapid collaps of the 
Laurentide lee Sheet (Zwally et al. , 2002). However, these basal temperatures 
and associated melt persisted prior to and throughout the LGM over mor than 
30,000 years with deglaciation only occurring rapidly during the early Holocene 
(Carlson et al. , 2008). V/hile this indicates that basal temperatures near the pres-
sure melting point of ice cannot be solely responsible for ice sheet instability and 
collapse, it demonstrates that they are a key parameter in ice sheet evolution, 
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one t hat ice sheet evolution mod ls must take into account . Elevated basal tem-
peratures, near or above the pr ssure melt ing point of ice, have been recorded in 
the present-day ice sheets (Fahnestock et al., 2001; Pritchard et al., 2012) . Our 
results indicate that alone this cannot be considered as an indication of ice sheet 
collapse. However, combined with other processes it could lead to instability and 
collapse. 
1.6 Conclusions 
Thirteen deep boreholes from eastern and central Canada were analyzed to det r-
mine the GST histories for the last 100 kyr. The long term trends are consistent 
between sites. A warm period following the retreat of the ice heet is inferred 
at rv2-6 ka in the inverted GST histories, correlated to th Holocene Climatic 
Opt imum. 
The surface temperatures reached their minima during the LGM and post glacial 
warming started ca 10ka. The corresponding temperatures at the base of of the 
Laurentide lee Sheet range from - 1.4 to 3.0°C, and are all near or above the 
pressure melting point of ice. Such temperatures allow for basal flow and fast 
flowing ice streams, two important factors affecting ice sheet evolut ion, illustrating 
the need for models of ice sheet evolution to account for such a key parameters 
as basal t emperature. Despite the suggestion that melt ing took place at its base, 
the Laurentide ice sheet persisted throughout the LGM over mor than 30,000 
years . This demonstrates that basal temperatures near th melting point of ic 
do not indicate t hat an ice sheet is on the verge of collapse. Howev r, combined 
with other processes it could lead to instability and collapse . 
The differences between GST histories at diff rent sit s raise other questions con-
cerning the controls on temperatur s at the base of ice sheets. Equilibrium be-
tween heat flow from the Earth 's interior and heat advection by glacial flow d -
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termines the t emperature at the boundary b tween the ice and the b drock. The 
correlation between higher heat flux and higher basal t emp ratures in the Sud-
bury region suggests that variations in crustal heat flux may account for sorne 
of the r gional differences in basal t emperatures along with the dynamics of ic 
thickness controlled by the accumulation rate and the distance to the edg of th 
ice sh et . 
It is also noteworthy that similar deep borehole studies in Europe suggest that 
basal temperatures beneath the Fennoscandian lee Sheet and in the Urals during 
the LGC wer much colder (Kukkonen and J6eleht , 2003; Demezhko et al. , 2013) 
than those observed in Canada (Chouinard and Mar schal, 2009). Because of th 
geological similarities b tween the two regions , this contrast is lik ly to be du 
to differences in elima te and ic dynamics between Europe and North America 
during the LGC. 
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Figure 1.1 :Niap of central and eastern Canada and adjoining US showing the 
location of sampled boreholes . Thompson (Owl and Pipe), Manitouwadge (0610 
and 0611) and Sudbury (Falconbridge, Lockerby, Craig Mine, and Victor Mine) 
have several boreholes present within a small region. The number of profiles 
available at locations with mult iple hol s is enclosed in parenthesis. 
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Figure 1.2 Heat flux variation as a function of ctepth. Heat flux is calculated 
as t he product of thermal conductivity by the temperature gradient calculated 
over 3 points . T he Flin Flon, Owl and Matagami profiles have been corrected to 
account for thermal conductivity variations with depth as shown in Table 1.1. 
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Figure 1.3 Long-term surface temperatur variations over time (left y-axis) and 
depth (right y-axis) for all t he boreholes. Time is determincd from depth by 
equation 1. 7. 
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Figure 1.4 Ground Surface Temperature History from t he Manitoba boreholes, 
at Flin Flon and Thompson (Pipe and Owl). The temperatur s have been shifted 
with respect to the reference surface temperature of the site, T0 , as shown in 
Table 1.2. 
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Figure 1.5 Ground Surface Temperature History for the western Ontario bore-
hales: Balmertown and Manitouwadge 0610 and 0611. The temperatures have 
been shifted with respect to the reference surface temperature of t he site, T0 , as 
shown in Table 1.2. 
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Figure 1.6 Ground Surface Temperature History for all the boreholes around 
Sudbury, Ontario (Victor Mine, Falconbridge, Lockerby, and Craig Mine) .Th 
temperatures have been shifted with respect to the reference surface temperature 
of the site, T0 , as shown in Table 1.2. 
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Figure 1. 7 Ground Surface Temperature History for the boreholes in Que bec, 
Matagami, Val d'Or and S pt-Iles. The temperatur s have been shifted with 
respect to the reference surface temperature of the site, 1~, as shown in Table 1.2. 
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Figure 1.8 GST changes from simultaneous inversion with respect to the long-
term temperature at 100 ka. The Sudbury GST changes include (black) and 
exclude (r d) Craig JVIine. 
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Table 1.2 Summary of GST history results where T0 is t he long-term surface t em-
perature, Q0 is the quasi-equilibrium heat flow , Tmin is t he minimal temperatur , 
Tpgw is the maximum temperature attained during the postglacial warming, tmin 
and tpgw is the occurrence of the minimal t emperature and maximum postglacial 
warming temperature. P arentheses indicate sites where t he GST history is not 
relia ble. 
Site 
FlinFlon 
Pipe 
(Owl)a 
Balmertown 
Manitouwadge 0610 
(Manitouwadge 0611)b 
Victor Mine 
Falconbridge 
Lockerby 
(Craig Mine)c 
Val d 'Or 
Matagami 
Sept Iles 
3.8 
0.7 
-0.3 
2.6 
2.3 
1.7 
4.5 
3.1 
4.1 
3.0 
2.9 
1.9 
2.1 
38.7 
51.8 
54.9 
33.0 
35.6 
42 .1 
45 .7 
57.7 
45.2 
41.9 
47. 5 
34.7 
-0.25 
0.27 
-2.36 
1.65 
0.95 
-2.83 
3.00 
-0.20 
2.84 
-3.20 
0.58 
0.34 
-1 .42 
(ka) 
10-20 
0.15-0.2 
5-7 .5 
5-7.5 
10-20 
20-30 
10-30 
20-30 
10-30 
20-30 
10-20 
10-20 
10-20 
5.64 
2.40 
3.36 
3.95 
6.71 
7.34 
5.88 
9.58 
8.41 
5.33 
4.10 
5.66 
(ka) 
3-5 
0.9-1 
1-2 
2-3 
3-5 
3-5 
5-7.5 
3-5 
2-3 
2-3 
1-2 
1-2 
aThe temperature profil at this site may be distorted by horizontal contrasts in 
thermc1l conductivity, bThe temperature profile in the lowermost part of the hole may be 
affected by subvertical laycring and thermal conductivity contrasts, eThe temperature 
profile may be affected by waterfiow caused by pumping in the nearby mine . 
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Table 1.3 Summary of GST history results for simultaneous inversions where tmin 
and tpgw is the occurrence of the minimal temperature and maximal temp rature 
associated with postglacial warming, and /:11' is the temperature range 
Site 
Thompson 
Mani touwadge 
Sudbury 
Sudbury ( exc. Craig) 
/:11'( GST H ) 
(K) 
3.8 
7.9 
11.2 
6.6 
tm in tpgw 
(ka) (ka) 
5-7.5 1-2 
30-40 5-7.5 
30-40 5-7.5 
20-30 3-5 
45 
Table 1.4 Ranges in surface temperature variations estimated from: the iteration 
of the long-term surface t emp rature as a function of depth (column 1) and from 
inversion of the GST history ( column 2), along wi th the difference b tween the 
two ( column 3). 
Site t:.To t:.T(GSTH) Difference 
(oC) (oC) 
Flin Flon 5.1 6.6 1.5 
Thompson, Pipe Mine 5.6 2.5 3.1 
Thompson, Owla 5.3 4.8 0.5 
Balmertown 2.3 1.7 0.6 
Manitouwadg , 0610 3.3 3.0 0.3 
Manitouwadge, 0611 b 9.6 9.5 0.1 
Sudbury, Victor Mine 4.9 4.6 0.3 
Sudbury, Falconbridge 6.2 7.0 0.8 
Sudbury, Lockerby 6.6 6.8 0.2 
Sudbury Craig Minë 11.9 11.7 0.2 
Val d 'Or 5.5 5.2 0.3 
Matagami 4.1 3.8 0.3 
Sept Iles 7.8 7.1 0.7 
aThe temperature profile at this site may be distorted by horizontal contrasts in 
thermal conductivity, bThe temperature profile in the lowermost part of the hole may be 
affected by subvertical layering and thermal conductivity contrasts, eThe temperature 
profile may be affected by waterfl.ow caused by pumping in the nearby mine. 
CHAPTER II 
CLIMATE TRE DS IN NORTHERN 0 TARIO AND QUÉBEC FROM 
BOREHOLE TEMPERATURE PROFILES 
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Abstract 
The ground surface t emperatur histories of the past 500 years were reconstructed 
at 10 sites containing 18 boreholes in northeastern Canada. The boreholes, be-
tween 400 and 800 rn deep, are located north of 51 °N, and west and east of J ames 
Bay in northern Ontario and Québec. We find that both si des of J ames Bay 
have experienced similar ground surface t emperature histories with a warming of 
1.51±0.76 K during the period of 1850 t o 2000, similar to borehole reconstruc-
tions for the southern portion of the Superior Province and in agreement wit h 
available proxy data. A cooling period corresponding to the Little lee Ag was 
found at only one site. Despite permafrost maps locating the sites in a region of 
discontinuous permafrost, the ground surface temperature histories suggest that 
the potential for permafrost was minimal to absent over the past 500 y ars. This 
could be the result of air surface t emperature interpolation used in permafrost 
models being unsuitable to account for the spatial variability of ground t mper-
atures along with an offset between ground and air surface temperatur s due t o 
the snow co ver. 
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2.1 Introduction 
Earth's subsurface thermal regime is governed by the outflow of heat from the 
interior and by temporal variations in ground surface t emperature (GST). The 
heat flux from the interior of the Earth varies on time scales of the arder of a few 
million of years in active tectonic regions and several100 Myr in stable continents. 
I t can be considered as steady state relative to the timescale of elima tic surface 
temperature variations. To determine the heat flow from the Earth's interior, 
temperature-depth profiles are measured in boreholes. In homogeneous rocks with 
no heat production, the steady-state temperature profile linearly increases with 
depth. Persist nt t emporal changes in the ground surface energy balance cause 
variations of the ground temperature that diffuse downwards and are recorded as 
temperature anomalies superimposed on the linear steady-state geotherm ( e.g., 
Hotchkiss and Ingersoll , 1934; Birch, 1948; Beek, 1977). The extent to which the 
ground surface temperature changes are recorded is proportional to th ir duration 
and amplitude and inversely proportional to the time when they occurred. For 
periodic oscillations of the surface temperature, the temperature is propagated 
downward as a damped wave. The amplitude of the wave decreases exponentially 
with depth over a length scale b (skin depth) proportional to the square root of 
th period (b = ylïZflir), where K is the thermal diffusivity of the rock, ~10-6 
m2 s-1 or ~ 31.5 m2 yr-1 . This damping removes the high-frequ ney variability 
that is present in meteorological r cards and allows for the pr servation of the 
long-tenn elima tic trends in the ground temperature signal ( e.g., Beltrami and 
Mareschal, 1995). 
From the interpretation of temperature-depth profiles, it is possible to infer cen-
t nnial trends in Earth 's surface temperature variations. The first att mpt to infer 
climatc history from temperature-depth profiles was th study by Hotchkiss and 
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Ingersoll (1934) who estimated the timing of the ice retr at at the end of the last 
glaciation. It was, however, not until the 1970s that systematic studies were un-
dertaken to infer past elima te from su ch profiles ( e.g., Cermak, 1971; Sass et al., 
1971; Vasseur et al. , 1983). In the 1980s, with increasing concern over global 
warming, use of borehole t emperature-depth profiles to estimate r cent ( < 300 
years) elima te change bec ame widespread following the study of Lachenbruch and 
Marshall (1986). This ha lead to many local, regional , and global studies (e.g. , 
Huang et al. , 2000; Harris and Chapman, 2001; Gasselin and Mareschal, 2003; 
Beltrami and Bourlon, 2004; Pollack and Smerdon, 2004; Chouinard et al. , 2007; 
Pickler et al. , 2016b). 
Because of the availability of suitable temperature-depth profiles in the Canadian 
Shield, many studies have been undertaken in central and eastern Canada. The 
majority of these studies have used temperature-depth profiles from the south-
ern portion of the Superior Province of the Canadian Shield ( ""'45° -50°N) , where 
many mining exploration holes are readily available and the crystalline rocks are 
less lik ly to be aff cted by groundwater flow than sedimentary rocks. These stud-
ies have shown a warming signal of ""'1-2 K over the last ""'150-200 years following 
a period of cooling about 200-500 yr BP associated with the Little lee Age (LIA) 
(e.g. , Beltrami and IVIareschal, 1992; Wang et al. , 1992; Guillou-Frottier et al. , 
1998; Gasselin and Mm·eschal, 2003; Chouinard and Mareschal, 2007) . 
For logistical reasons , mining exploration has been restrict d to the southern-
most part of the Shield and the few holes that have been drilled in northern re-
gions cannot be measur d because they are blocked by p rmafrost . evertheless , 
a few studies w re conducted at higher latitudes. Majorowicz et al. (2004) re-
constructed the GST history for 61 temperature-depth profiles between 60°N and 
82° in northern Canada. They found strong evidence t hat GST warming started 
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in the late 18th century and continued until present. Simultaneous inversion of 
their data yielded a warming of ""2K for the last 500 years. Studies in Ellesmere 
Island (ab ove 60°N) have shown varying trends, confirming that t emperatures do 
not increase uniformly over Arctic regions. Taylor et al. (2006) reconstructed th 
500-year GST history from three boreholes and found a 3 K wanning sin ce th 
LIA minimum, ""200 yr BP, which is consistent with Beltrami and Taylor (1995) 
results and the oxygen isotopes studies on ice cores from the region (Fisher and 
Koerner, 1994) . Chouinard et al. (2007) used three t emp ratur -depth profiles in 
a region with continuous permafrost at the northernmost tip of Québec to infer 
the GST history. They found a very strong and recent warming of ""2.5 K, with 
the largest part of this warming occurring in the preceding 15 years, i. e. much 
later than in Ellesmere Island. Because of lack of adequate bor hole temperature 
depth profiles in eastern Canada between 51°N and 60°N, the large region between 
the Canadian Arctic and the southern part of the Canadian Shield has not been 
studied and the climate trends of the last 500 years for this region remain unclear 
except for boreholes at Voisey Bay, at 56°N on the east coast of Labrador , which 
show almost no elima te signal (Mareschal et al., 2000). 
The first motivation of this study is to reduce the gap in data betwe n the Arctic 
and southeastern Canada. We shall examine 18 temperature-depth profiles mea-
sured at 10 sites from eastern Canada to reconstruct the GST histori s for the 
last 500 years . The sites ar located in the poorly sampl d region north of 51 °N, 
west and east of J ames Bay in northern Ontario and Qu'b c. They are to th 
north of the previous ea tern Canada studies and south of the Arctic ones, in a 
part of the Superior Province where heat flux is extremely low ( < 30m W m-2) 
(Jaupart et al., 2014). 
The second motivation of the study is to assess whether borehole temperature 
51 
profiles can be used to retrace the evolution of permafrost in northern Ontario 
and Québec. Permafrost maps locat the boreholes in a region of discontinuous 
permafrost (Brown et al., 2002). All sites, exclu ding N oro nt , lie in discontinuous 
isolated patches of permafrost , i. e. where less than %10 of the ground is frozen. 
Noront lies near the southern boundary of ext nsive discontinuous permafrost, 
i. e. where permafrost affects between 50-90% of the ground. In regions with 
an absence of ground temperatur measurements, such as northern Ontario and 
Québec, permafrost maps are estimated from surface air temperature and t heir 
contour lines (Heginbottom, 2002). The -2.5°C mean annual surface air t empera-
ture (SAT ) contour line for the period 1950-1980 crosses the southern part of our 
study region in Ontario, and most of the Québec sites are located between -2. 5 and 
-5°C SAT contour lines (Phillips , 2002). However , permafrost was not encount r d 
during sampling of the Québec or Ontario boreholes. It is also worth pointing out 
that t he ground is covered by t hick snow cover during several months (from mid-
December to late April) in the regions above 50°N. Studies demonstrated that 
the ground surface t emperatures are strongly affected by the duration of the snow 
cover and are offset from SAT (Bartlett et al., 2005; Zhang, 2005; GonzaJez-Rouco 
et al. , 2006, 2009; Garda-Garcia et al., 2016). In these regions with extensive snow 
cover , the borehole temperature profiles are affected by changes in both SAT and 
snow cover. Iv1eteorological and proxy data indicate that there is more snowfall 
and longer snow cover on the ground in the Québec region t han in Ontario (Bégin, 
2000; Brown and Mote, 2009; Brown, 2010; Environment Canada, 2010; icault 
et al. , 2014). This points to possibly warmer present ground surface t emp ra-
tures and smaller permafrost extent in northern Québec than in Ontario , and th 
prospect for different ground surface temperature histories betwe n t he regions. 
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2.2 Th ory 
Assuming Barth is a half-space where physical properties only vary with depth, 
the temperature at depth z, T(z), can be written as (J aupart and Mareschal, 
2011): 
rz dz' rz' 
T( z) =Ta+ QaR(z) - Jo À(z') Jo H(z")dz" + Tt( z) (2. 1) 
where Ta is the reference surface temp rature, Qa the reference surface heat flux, 
the integral accounts for the vertical distribut ion ofheat producing el ments H(z), 
and Tt(z) is the temperature perturbation at depth z due to time-varying changes 
to the surface boundary condition. The thermal depth R(z) is defined as: 
rz dz' 
R(z) = Jo À(z') 
where À is t he thermal conductivity. 
(2 .2) 
Th temperature perturbation can be calculated by the following equation (Carslaw 
and J aeger, 1959): 
(2.3) 
where K is t hermal diffusivity and Ta(t) is t he surface t mperature at time t before 
present. For a step chang' in surface temperature, D.T, at time t before present , 
the temperature perturbation Tt(z) is given by Carslaw and Jaeger (1959): 
Tt(z) = D.Terfc( ~) 
2vKt 
(2.4) 
wher er fe is th complementary error function. If the GST perturbations are 
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approximated by their mean values !:lTk during K intervals (tk_1, tk) , the temper-
ature perturbation is written as follows: 
(2 .5) 
!:lTk is the average difference b tween th ground surface temperature during the 
t ime interval (tk_1, tk ) and the reference surface temperature T0 • 
2.2.1 Inversion 
To reconstruct the GST history for each t mp rature-depth profile, we must invert 
equation 2.5. The inversion involves solving for t he paramet ers T 0 , Q0 , and !:lTk 
of the t emperature-depth profile. Equation 2.5 yields a system of linear equations 
in the unknown parameters for each depth where temperature has been measured. 
If N temperature measurements were made in the borehole, a system of N linear 
equations with K + 2 unknowns, T 0 , Q 0 , and the K values of !:lTk is obtained. 
However this system of equations is ill-conditioned and its solut ion is unstable to 
small perturbations in the temperature data, i .. a small error in the data results 
in a very large error in t he solution (Lanczos, 1961). Different inversion methods 
are available to stabilize (regularize) the solut ion of ill-posed problems (Backus-
Gilbert method, Tikhonov regularizat ion algorithm, Bayesian methods, singular 
value decomposit ion, Tvionte Carlo methods) . All these inversion techniqu s have 
been applied to reconstruct the GST his tory ( e.g., Vasseur et al., 1983; ielsen 
and B ck, 1989; Shen and Beek, 1991 ; Mareschal and Beltrami, 1992; Clauser and 
Mareschal, 1995; Mareschal et al., 1999b). In this paper, we have used th singu-
lar value decomposit ion because it is a very simple method to reduce the impact 
of noise and err ors on the solution (Lanczos, 1961). This technique is well docu-
mented for geophysical studi s (Jackson, 1972; Menke, 1989) and its application 
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for inversion of the ground temperature history is straightforward (Mareschal and 
Beltrami, 1992). 
For sit s including several boreholes with similar surface conditions, th data are 
inverted simultaneously because it is assumed that they have experienced th 
same surface temperature variations and therefore consistent subsurface temp ra-
ture anomalies . It was xpect d that consistent trends in the temperature profil s 
would reinforce each other while errors and random noise would cancel each other . 
However, the resulting improvement in the signal to noise ratio remains marginal 
unless a su:fficiently large number of profiles with the same GST history are avail-
able, which is almost n ver the case. Simultaneous inversion is described in detail 
and discussed by Beltrami and 1--Iareschal (1992), Clauser and Mareschal (1995), 
and Beltrami et al. (1997), among others. 
2.3 Description of data 
Figure 2.1 shows the locations of the thirteen sites including twenty-five boreholes 
across northern Ontario and Québec. The heat flow of these sites has previously 
been studied and a detailed description of the measurement t echniques and sites 
can be found in the h at flow publications (Jessop, 1968; Jessop and Lewis , 1978; 
Lévy et al., 2010 ; Jau part et al., 2014) . Their t emperature-depth profiles can be 
found in Jaume-Santero et al. (2016) . All the sit es are located north of 51 o , west 
and east of James Bay, and th boreholes range in depth betw en 400 and 800 
m. All the hales were cased in the upper rvl0-15 rn and, excluding Otoskwin and 
Nielsen Island, were drilled for mining exploration purposes. The temperature 
was measured at 10 rn intervals using a calibrated thermistor. The sampling rate 
is higher at Otoskwin with temperature measurements every 1 m, while Nielsen 
I land was measured every 30 m. The overall accuracy is estimated on the or-
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der of 0.02 K with a precision of greater than 0.005 K. Thermal conductivity 
was measured on core samples by the method of divided bars (Misener and B ck, 
1960). Radiogenic heat production measurements were also made on core samples 
but are not needed for corr etions because the holes are not de p and the h at 
production rate is low. 
Only 18 holes proved suitable for inversion of the ground surface temperature. 
Their location and depth can be found in Table 2.1. Three northern Ontario sites 
are located in a region of discontinuous isolated patches of permafrost: Mussel-
white, Thierry Mine, and Otoskwin. One site, N oront , lies near the southern edge 
of a region with extensive discontinuous permafrost. Thierry Mine (0605, 0606 , 
0608) and Noront (1012, 1013, 1014, 1015) include several boreholes. Six sites are 
located in northern Québec in a region of discontinuous isolated patches of per-
mafrost ( ielsen Island,LaGrand , Eastmain, Eleonore, Corvet , Camp Coulon) , 
with Eastmain (0803 , 0804) and Camp Coulon (0712, 0713 , 0714) having multi-
ple boreholes. Systematic variations in thermal conductivity observed at ielsen 
Island were corrected by using the thermal depth (Bullard, 1939). Sorne measure-
ments were not used for this study for diff rent reas ons (Table 2. 2). Boreholes less 
than 300 rn deep were rej cted for being too shallow. When the mean distance to 
a lak was less than the d pth of the hole, or less than 300 rn, they were r ject d . 
Furthermore, boreholes were deemed too steep and were rej cted if they had a 
slope of 5% or more over a distance comparable to the depth. The profile at 
Miminiska Lake (Ontario) is too shallow to be inverted; the boreholes at Clear-
wat r (Québec) are plunging under a lake that affects the temperatur profiles; 
the borehole at Poste Lemoyne is on the side of a very st eep hill and the profile is 
seriously perturbed by the topography. We also discarded one of t he t emperature 
profiles at the Eleonore site because the borehole was plunging under a recently 
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filled water reservoir and one of the profiles at the LaGrand site because it was 
a few metres away from the edge of a 30 rn cliff. The borehole temperature-depth 
profiles at sites with multiple boreholes were truncated at the depth of the shal-
lowest borehole to ensure that the same period of time was being studi d (Thierry 
Mine at 530 rn, Noront at 400 rn, Eastmain at 400 rn, and Camp Coulon at 400 
rn) (Beltrami et al., 2011). The temperature anomaly for each site was calculated 
by subtracting from th data the estimated steady-state t emperature obtained by 
least-square fit ting of a linear function to the bottom 100 rn of the profil (Figures 
2.2-2.3). Tests wer mad to show that, below 300 rn, th h at flux does not vary 
with the selected depth interval (Lévy et al. , 2010; Jaupart et al., 2014) and that 
the ref renee temp rature profile is stable. 
2.4 Results 
The t emperature-depth profil s from the 10 sites were inverted to reconstruct the 
GST histories for the last 500 years divided in intervals of 20 years (Figures 2.4-
2.6). Simultaneous inversion was used at sites with multiple boreholes: Thierry 
Mine, Noront , Eastmain, and Camp Coulon. The cutoff value or number of eigen-
values determines which part of the solution is eliminated to reduce the impact 
of noise. A lower cutoff value results in higher resolution in th reconstruction of 
the GST but at the xpense of stability (Mareschal and Beltrami, 1992). Three 
eigenvalues (0.2 cutoff) were retained for all the sites except Otoskwin and Corvet, 
where four eigenvalues (0.08 cutoff) were retained. The results of the inversions 
are summarized in Table 2.3. Although the ground surface t emperature histories 
differ in their details , they consistently show a trend of warming r lative to the 
r ference temperature (i. e. temperature 500 years before logging) . Only one site 
shows indications that the GST was affected by the LIA, a cold p riod that oc-
curred between 200-500 yr BP. 
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In northern Ontario, th trends of the inferred GST diff r betw en sites. Oto-
skwin is the only site to show a LIA signal, with a cooling of rv0 .5 K with respect 
to the reference t mperature (500 yr BP) . Evidence for this cooling can be found 
in the temperature anomaly at rv200 rn but is also observ d at Musselwhite and 
TM0608, where no LIA is reconstructed (Figure 2.2). Moreover, ther is a no-
ticeable change in th Otoskwin temperature gradient at rv200 rn, which cannat 
be correlated to variations in thermal conductivity measured on 80 samples from 
the borehole. The recent warming at Musselwhite and Otoskwin occurred around 
the same time but it is observed earlier (rv250-300 yr BP) at Thierry Mine and 
Noront (Figure 2.4) . The total amplitude of warming differs greatly between the 
sites: 0.50 K with respect to reference temperatur at Otoskwin, 0.88 K at Mus-
selwhite, 1.85 K at Noront, and 2.85 K at Thierry Min . It is likely that the 
Thierry Mine signal was amplified by the clearing of vegetation that took place 
during the operation of the mine between 1934 and 1950. 
Unlike for northern Ontario, a LIA signal was not found for any of the north-
ern Québec sites (Figures 2.5-2 .6). A LIA signal was xpected because pollen 
data have sugg sted that the cooling during the LIA (up to -0.3°C for orth 
America) was strongest in northern Québec (Gajewski, 1988; Viau and Gajewski, 
2009; Viau et al., 2012). However, a cooling signal at rv200 rn, which could be as-
sociated with the LIA, is observed in the temperature anomaly of CC0713 (Figure 
2.3). Discontinuities are observed in the temperature anomaly of CC0712 between 
100 and 300 m. These are also observed in the t mperature gradient and could 
be due to small water fiows. The onset of the recent climate warming is the same 
for all the sites (rv100-150 yr BP), except Eleonore, where it began rv200-300 yr 
BP. Th amplitude of the warming varies between 0.5 and 2 K (Figures 2.5-2.6) 
with the largest warming occuring at Corvet (2.18 K). 
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2.5 Discussion and Conclusions 
Borehole temperature profiles in northern Ontario and Québec consistently show 
a ground surface temperature increase of 1.51±0. 76 K above the reference tem-
perature. Most of this increase took place for the period of 1850 to 2000. Thierry 
Iv1ine shows larger than average warming signals: 2.85 K. The area around the 
Thierry Mine bor holes (0605 , 0606 , 0608) was cleared in the 1940s after the first 
op ning of the mine and a satellite image locates all three boreholes rv300 rn from 
a lake. Lakes disturb a profil if they are at a distanc 1 ss than the depth of 
the boreholes (Lewis and Wang, 1992) . The proximity to the lake along with the 
change in vegetation cover could explain the enhanced warming signal (Lewis and 
Wang, 1998; Lewis , 1998) . This illustra tes the significant influence of non-climatic 
effects on ground surface temperature reconstructions from borehole temperature-
depth profiles . 
A cooling period corresponding to the LIA was found for only one site, Otoskwin 
(Ontario), which exhibits marked perturbations of the temperature profile. While 
spatial and temporal variation in the LIA have been noted (Matthews and Briffa, 
2005), the absence of a consistent LIA signal in northern Ontario and Québec 
deserves sorne discussion. The LIA cooling period has been inferred from differ-
ent proxies and selected borehol temperature-depth profiles in eastern Canada 
( e.g. , Archambault and Bergeron , 1992; Beltrami and Mareschal, 1992; Wang and 
Lewis , 1992; Chouinard et al., 2007; Bunbury et al., 2012). For example, pollen 
data indicate a pronounced LIA cooling in Québec (Viau and Gajewski , 2009; 
Gajewski, 1988). The lack of LIA signal in the majority àf the bor hole inversions 
could be related to a combination of several factors. On is the limited resolut ion 
of the inversion of borehole temperature profiles . In the presence of noise, a period 
of weak cooling between 500 and 200 yr BP followed by strong warming is diffi-
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cult to resolve. Resolution at Otoskwin is better because the singular value cutoff 
was lowest at this site. Furthermore, Mareschal and Beltrami (1992) showed that 
resolution decr a e when noise and errors must be filter d and a high r singular 
value cutoff required to reduce t he impact of noise but ret ain the gross features 
of the solution. Profil s and anomalies of Musselwhite and TM0608 are noisy, 
this could exp lain the absence of LIA signal in th reconstructions. However , t he 
CC0713 t emperature anomaly is less noisy and shows a mild cooling of ~0.2 K. 
A test run with 1 K cooling between 1600 and 1800 and varying singular value 
cutoff showed that , in noise-free synthetic data, a 1 K cooling cannat be resolved 
with less than five singular values. This explains why a mild cooling, such as that 
observed at CC0713 ( ~0.2 K) and in pollen data ( ~0.3 K) (Gaj wski , 1988; Viau 
and Gajewski, 2009; Viau et al. , 2012), could not resolved. Also , Chouinard and 
Mareschal (2007) suggested th at the LIA could ha v start d "'100 years earlier 
in northern Québec than in southern Canada. Resolving the LIA would require 
a borehole deeper than "'400 rn, which is not the case of all the holes . Let us 
also point out that the ampling resolution at Nielsen Island is low, with measure-
ments only every 30 rn, which is not sufficient t o resolve a LIA signal. While the 
absence of LIA signal in Québec was unexpected, its absence in nort hern Ontario 
confirms the findings of Gasselin and Mareschal (2003), who found only two sites 
with a LIA signal among 33 t emperature-depth profiles from northwestern On-
t ario. They hypothesized that the lack of LIA signal could be due to t he influence 
of Lake Superior because the two sites with LIA signais were above 50° and the 
furthest from Lake Superior. This is not supported by the present study because 
the four Ontario sites are several hundreds of kilometres away from Lake Superior. 
It is also possible that the LIA signal is masked by other physical effect s, such as 
an advance and retreat of permafrost or a change in the precipitation regime and 
the duration of the ground snow cover during the LIA. 
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No geographie trends in the GST histories were observed , despite different SAT 
conditions. M teorological data from the OAA weekly dataset and eight gen-
eral circulation mod ls (GCIVIs) for the period of 1970-1999 display a longer snow 
cover duration in north rn Qu'bec than in north rn Ontario (Brown and Mote, 
2009). The higher precipitation is confirmed by proxy reconstructions of lake lev-
els and tree forms (Bégin, 2000; Lavoie and Payette, 1992). Because of the great r 
snowfall and longer snow cover, the present ground surface relative to air surface 
temperatures in Québec are warmer than in Ontario. However , these dissimilar 
conditions have not resulted in noticeable discordance between the GST histories 
between northern Ontario and Québec, suggesting that the sam differences in 
precipitation persisted throughout the period reconstructed. 
The magnitude of the recent warming is about the same as the rv1-2 K warm-
ing for the period of 1850 to 2000 inferred from several studies in the southern 
portion of the Superior Province (Beltrami and Mareschal, 1992; Shen and Beek, 
1992; Chouinard and IVIareschal, 2007) and less than the very pronounced warm-
ing in the ea. tern Canadian Arctic (Beltrami and Taylor, 1995; Taylor et al., 2006; 
Chouinard et al. , 2007). 
The sites are located in a region described as discontinuous permafrost , where 
ground temperatureR are slightly below freezing, at least according to the Cana-
dian and world permafrost maps. o sign of permafrost was found at any of the 
measured sites nor at the sites that were excluded (see Table 2.2) ; however, per-
mafrost has been reported in the James Bay lowlands near Eleonore, Eastmain, 
and Lagrande (Thibault and Payette, 2009) . ot only ar the present averag 
ground surface t emperatures well above t he freezing point of water, but , exc pt 
for Nielsen Island , th ground surface temperature histories r trieved from inver-
sion reveal that the t mperature has remained well above the freezing point for 
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the last 500 years, indicating that the potential for permafrost was minimal to 
absent. We have also not d that during logging of more than 100 holes in th 
regions of Manitoba, Saskatchewan, and northern Ontario classified as discontin-
uous permafrost , permafrost has been encountered at only one hole, north of the 
town of Lynn Lake in northern 1tlanitoba (Guillou-Frottier et al. , 1998). Clearly, 
the spatial distribution of permafrost outlined in the available permafrost maps 
is questionable, possibly because they are not based on suffi.ciently deep ground 
temperature measurements but estimated from interpolat ed sparse records of SAT 
(Heginbottom, 2002; Gruber , 2012). The discrepancy between p rmafrost maps 
and direct field observations reveal that SAT interpolations are unsuitable to es-
t imate the spatial variations of ground temperatures . This is likely because the 
maximum thickness of snow exceeds 1 rn at the end of the winter remaining on 
the ground from mid-December to mid-April, resulting in a large offset between 
the GST and SAT (Zhang, 2005; Grosse et al., 2016). Our study suggests that 
borehole temperature profiles could be used in the future to assess the reality of 
the permafrost retreat assumed to have occurred after th LIA (Halsey et al., 
1995; Schuur et al., 2008). Furthermore, bor hale temperature profiles might be 
a better means for determining the southern extent of areas of past and present 
permafrost than current permafrost maps and a useful tool for validation of di-
mate models. 
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Appendix- Detailed Sit Descript ion 
Ten sites, including 18 boreholes, were utilized to reconstruct the ground surface 
t mp rature history of northern Ontario and Québec for t he paRt 500 years . A 
detailed description of the rock type and geological unit of each site can be found 
in Table 2.4 and heat flow studies of th' region (J essop , 1968; Jessop and Lewis , 
1978; Lévy et al., 2010; Jau part et al., 2014). 
Four sites (Musselwhite, Thierry Mine, Otoskwin, Noront) comprising nine bor -
holes are located in northern Ontario. The Musselwhite (0601) site is located 
in a clearing of rv60 m in diameter with a lake rv330 rn to the west and rv180 
rn to the east . Thr e boreholes (0605 , 0606 , 0608) are located at Thierry Mine, 
rv500 rn away from a large clearing. This clearing is associated with the devel-
opment of the nearby mine in 1934-1950. Furthermore, all three sites are rv300 
rn from a lake. 0605 and 0608 are found in a clearing due to drilling of rv80 rn 
in diameter. The Otoskwin borehole was measured in 1985 and is locat d rv 180 
rn from the Otoskwin River. The final four Ontario boreholes (1012, 1013, 1014, 
1015) ar found in Noront . The sit s are fairly fiat, swampy and muddy. They 
are in th McFaulds Lake project , rv300 km north of the town of Geraldton and 
within a region referred to as the Ring of Fire of the James Bay Lowlands. 1012 
and 1013 are rv40 rn apart, rv500 from N1015 and rv400 rn from N1014. The 
complex lithological column has led to noisy temperature-depth profiles (Jau part 
et al. , 2014). 
N orthern Québec is home to the remaining nine boreholes, found in six distinct 
sites . Nielsen Island is the northern most site of this study. It was logged in 1977 
and i located on an island in the Hudson Bay. The La Grande borehol (0405) 
is in a large clearing for drilling , in fairly fiat and swampy region. It is located 
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rv400 rn from a main Hydro Québec power line and power line clearing. Eleonore 
(0502) is rv200 rn from the Opinaco reservoir and is dipping towards the r servoir. 
Two borehol s (0803, 0804) ar in Eastmain, rv220 km from the mining camp of 
Matagami. 0803 is rv50 rn south of a road but is dipping away from the road. 
Corvet (0716) is located in a fairly fiat area. The final three boreholes (0712 , 0713 , 
0714) are in Camp Coulon. 0713 is rv20 km north of the hydroel ctric station of 
Laforge-Deux. 0712 and 0714 are rv450 rn apart and locat ed on top of a small 
relief, with 0712 found in a clearing of rv30 rn diameter. 
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Hudson Bay 
Figure 2.1 Map of Ontario and w stern Québec showing the location of sites (red 
dots) . For sites with several boreholes (Camp Coulon , Eastmain, Thierry Mine, 
and oro nt), t he number of profiles available is enclos d in parenthesis. Black 
diamonds show the locations of sites that were discard d. 
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Figure 2.2 Temperature anomalies for the northern Ontario boreholes. Hales 
TM0605 , TM0606, and TM0608 are from the Thierry Mine site; hales N1012 , 
1013, 1014, and 1015 belong to the orant site. The anomaly is obtained by 
subtracting the estimated steady-state geotherm obtained by the least-square fit 
of a straight line to the bottom 100 m of the borehole t emperature-depth profile. 
The black line represents the best linear fit , while the pink and blue lines are 
the upper and lower bounds, respectively, of the 20" confidence intervals. For 
N1014, TM0606 , and Otoskwin, the upper and lower bounds of the confidence 
interval are not visibl due to the t mperatur scale. The t mperature anomaly 
at Muss lwhite was eut at 650 m. 
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Figure 2.3 Temperature anomalies for the northern Québ c boreholes . CC0712, 
CC0713, CC0714 are the boreholes from Camp Coulon; Ea0803 and Ea0804 are 
the boreholes from Eastmain . The anomaly is obtained by subtracting the es-
timated steady-state geotherm obtained by the least-square fit of a straight lin 
to the bottom 100 rn of the borehole temperature-depth profile. The black line 
represents the b st linear fit , while the pink and blue lines represent the upp r 
and lower bounds, respectively, of the 2a confidence intervals. The temperature 
anomaly at Nielsen Island was eut at 600m. 
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Figure 2.4 GST histories for the northcrn Ontario sites d t ermined by inversion 
of the anomalies. For multiple holes at a given site (Thi rry Mine and oront) , 
simultaneous inversion was used. The pink and blue lines repres nt the inversions 
of the upper and low r bounds of the anomaly. For Oto kwin, the three lines are 
superposed. 
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Figure 2.5 GST histories for the northern Québec sites. Simultaneous inversion 
was used for Eastmain) which includes two holes . The pink and blue lines represent 
the inversions of the upper and lower bounds of th anomaly. 
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Table 2.1 Location and technical information concerning the bor holes used in 
this study, where true depth is the depth corrected for the dip of the borehole, À 
is the thermal conductivity, Q is the heat flux, and Q corr is the heat flux corrected 
for post glacial warming 
Site Log lD Latitud Longitude Dip 'Ihte cl pth >. Q Q corr Re~ r nee 
(•) (m) (W m- ' 1<-t) (mW m- 2) (mwm- 2) 
Mus elwhite 0601 "2°37'2 .3" 90°23'32. 7" 76 740 2.73 30.7 33 Lévy et al. (2010) 
Thi rry Mine 28 
0605 51 °30'24" 90°21'11" 74 02 2.91 26.8 29.7 Lévy et al. (2010) 
0606 51 °30'22" 90°21'11 " 70 530 2.61 24.4 27.0 Lévy et al. (2010) 
060 5l 0 30'24 .3" 90°21'10. 7" 62 737 2.60 24.6 27.1 L vy et al. (2010) 
Oto kwin 25 
n / a 51 °49.5' 89°35.9' 90 602 2.79 20 25 op and Lewis (1978) 
Noront 35 
1012 52°44'23.9" 86°17'42.1" 68 761 3.2 34.1 37.6 J aupart et al. (2014 ) 
1013 52°44'25" 6°17'42.1" 55 389 3.1 2 .3 34.1 J aupart et al. (2014 ) 
1014 52°44'29.9" 6°17'59.9" 77 762 3.1 31.7 35.6 J aupart et c!l. (2014 ) 
1015 52°44'25.5"N 6"1 '11.9" W 75 806 3.1 29.5 33.4 J aupart et al. (2014) 
Nielsen 1 ·land 26 
0-77 55°23.7' 7 41.0' 90 140 5.5 ( ~ 400m) 26.8 Jessop (1968) 
2.4 (> 400 rn) 
LaGrande 22 
0405 53°31'45" 76°33'15" 60 600 2.89 19.2 21.9 Lévy et ctl. (2010) 
Eastmain 34 
0803 52°1 0' 16" 76°27'66" GO 398 2.9 2 .8 34.1 Jaupart et cil. (2014) 
0804 52° 10'16" 76°27'66" 60 390 2.9 26.7 32.9 .laupart et ctl. (2014) 
Eleonore 31 
0502 52°42'05" 76.'04'46" 5G 527 2.47 30.7 32. Lévy et al. (2010) 
Corvet 27 
0716 53°1 D.072'N 73°55.7GO'W 67 479 2. 0 24.0 26.8 Lévy et al. (2010) 
Camp Cotùon 28 
0712 54°47'43" 71 °17'09" 54 561 3.69 26.4 29.0 Lévy et al. (2010) 
0713 54°47'!)5" 71 ° l7'20" 40 460 3. 73 24.5 27.5 Lévy et al. (2010) 
0714 54°47'43" 71°17'34" 56 384 Lévy et (Il. (201 0) 
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Table 2.3 Summary GST History Results where Ta is the reference surface t em-
perature, Qa is the reference heat flux, ~T is the difference betwe n the maximal 
temperature and the reference t emperature 500 y ars before logging. 
Site Log ID year Ta Qa ~T LIA 
(oc) (mW m- 2) (K) 
Musselwhit e 0601 2006 2.56±0.01 30.0±0.5 0.88 no 
Thierry Mine 2.85 no 
0605 2006 2.63±0.01 25.9±0.5 
0606 2006 2.55±0.01 23.5±0.7 
0608 2006 2.62±0.01 23.9±0.3 
Otoskwin n/ a 1985 2.81±0.001 19.5±0.05 0.50 y es 
Noront 1.85 no 
1012 2010 1.16±0.01 35.5±0.9 
1013 2010 1.51±0.02 31.3±1.5 
1014 2010 1.78±0.004 32.2±0.3 
1015 2010 2.35±0.02 27.6±1.4 
Nielsen Island 0-77 1977 -0.43±0.02 23.7±0.4 1.35 no 
LaGrande 0405 2004 2.18±0.004 19.4±0.2 0.50 no 
Eastmain 2.15 no 
0803 2008 2.98±0.01 27.3±0.4 
0804 2008 3.01±0.003 27.0±0.2 
Eleonore 0502 2005 2.04±0.01 30.9±0.5 1.46 no 
Corvet 0716 2007 2.45±0.01 24.9±0.3 2.18 no 
Camp Coulon 1.34 no 
0712 2007 1.46±0.01 26.6±0.4 
0713 2007 1.83±0.01 24.2±0.6 
0714 2007 1.33±0.004 
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CLIMATE TRENDS FOR THE PAST 500 YEARS I ORTHERN CHILE 
FROJ\!I BOREHOLE TEMPERATURE DATA 
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1Centre de Recherche en Géochimie et en Géodynamique (GEOTOP) , Université 
du Québec à Montréal, Montréal, Québec, Canada 
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Abstract 
The ground surface t emperature histories for the last 500 years were reconstructed 
from nine t emperature-depth profiles in nort hern Chile. Differing trends have 
been observed in the region. In the northern coastal region of Chile, there is 
no perceptible climate signal, while the northern central Chilean region, between 
26°S and 28°S, the dat a suggest a cooling from rvl850 to rvl980 followed by a 1.9 
K warming starting rv20-40 years BP. A warming of similar amplitude is inferred 
in the ground surface t emperature hist ories for Peru and the semiarid regions of 
South America. Such warming is greater t han that inferred by the CRUTEM4 
data, climate reconstructions for central Chile and southern South America, and 
the PMIP3/ CMIP5 surface t emperature simulation for the north-central Chile 
gridpoint . Neither the simulations nor the proxy data climate reconstructions 
show a cooling period. These differences are associat ed with a local trend not 
resolved in the gridpoints of the CRUTEM4 or PMIP3/ CMIP5. More data and 
reconstructions are required to determine the long-t erm elima t e trends in nort hern 
Chile. 
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3.1 Introduction 
To assess and predict th long-term ffects of the modern climate warming, under-
standing and simulating Earth's complex climate and its variability is crucial. All 
the inferences on the future climate syst em come from general circulation models 
(GCMs). Experiments with GCMs allow for the study of future climate scenarios. 
Due to the limited resolution of GCMs, climatic relevant processes that operate at 
less than GCM grid size scale have been parametrized differently between different 
models. This yields simulations with a wide range of variability. Therefore, these 
models must be t ested against paleoclimate data and reconstructions to assess the 
robustness of their climate projections. 
As the meteorological record only extends back as far as 150 years , proxy based 
climate reconstructions are required to evaluate climate projections and provide 
insight to the long-tenn trends of climat e variabl s. There has been significant 
work on paleoclimatic reconstructions for the Northern Hemisphere (e.g., Mann 
et al. , 1999; J\!Ioberg et al. , 2005; Rutherford et al. , 2005). However , th re are few 
climate reconstructions for the Southern Hemisph re and the majority of them 
rely on a small number of data sets (Huang et al. , 2000; Mann and Jones, 2003; 
IPCC, 2013). This absence of paleoclimatic data leads to uncertainty in the forc-
ings of the Southern Henlisphere's climate syst em. Studies have been initiated to 
fill in this gap (e.g., Villalba et al. , 2009; Neukom and Gergis , 2012). As of 2012, 
17 4 monthly to annually resolved elima te proxy records covering the last 2000 
years have been collected (Neukom and Gergis , 2012). Using this expanded data 
set of terrestrial and oceanic paleoclimate records , Neukom et al. (2014) obtained 
a millennial ens mble reconstruction of annually resolved temperature variations 
for the Southern H misphere. They compared this with an independent orthern 
Hemisphere temperature reconstruction ensemble and found that the post-1974 
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warming period was the only period of the last millennium when both hemispheres 
experienced warm extremes. Their results imply that the global climate system 
cannot be sol ely represented by external forcings and N orthern Hemisphere vari-
ations and highlight the need for more paleoclimate records from the Southern 
Hemisphere. 
South America is a key region in understanding the climate system of the Southern 
Hemisphere as it is the largest landmass in the Southern Hemisphere and extends 
from l0°N to 55°S. The continent separates the Atlantic and Pacifie Oceans, in-
fiuencing ocean circulation and global climate. Becaus of th limited amount of 
paleoclimate data, the majority of studies have been restricted to the southern 
portion of the continent. This is an important r gion lies in the center of the 
modern westerly wind field and th refore allows for the examination of past west-
erly wind variability (Boninsegna et al. , 2009; Villalba et al., 2009; PAGES-2K 
Network, 2013; Flantua et al., 2016). Moy et al. (2009) analyzed multiple paleo-
climate records , including meteorological, palynological, and dendrochronological 
data, and observed a t emperature decrease and increase in westerly wind intensity 
during the Little lee Age, along with arid conditions during the Medieval Climate 
Anomaly. Neukom et al. (2010) examined the hydroclimat e of southern South 
America for the past 500 years using a multiproxy approach and inferred a multi-
centennial increase in summ •r precipitation and a decrease in winter precipitation 
into th 20th century. However, these studies hav neglected th northern two-
thirds of the South American continent , including th Atacama desert in northern 
Chile (PAGES-2K etwork, 2013). 
Studying the climate of northern Chile is key to underst anding how extremely 
sensitive arid environments respond to climatic variations. Furthermore, the nat-
ural resources and ecosystcm of north rn Chile have been put under ever incr asing 
79 
pressure as the economie development of t he region grows (M ss rli et al. , 1997). 
It is, therefore, paramount to underst and the long-term climatic variations of the 
region. There have be n regional paleoclimatic studies in north rn Chile with the 
majority focusing on reconciling the mid-Holocene paradox, a period rv4-9 ka BP 
where it is uncertain whether the climat e of the Atacama desert and the Central 
Andes was dry or humid (Bobst et al. , 2001; Grosj ean et al. , 2003). Paleosoils, 
groundwater, abiotic proxy data, and aquatic plant pollen from lake sediments 
imply a very humid early Holocene and an ext remely dry mid-Holoc ne (Bobst 
et al. , 2001; Grosj ean et al. , 2001), while terrestrial plant pollen from lake sedi-
ments does not (Bet ancourt et al. , 2000; Latorre et al. , 2002). On the other hand, 
the recent climat e and its variations have not been the focal point of these studies. 
The objective of this study is to provide insight to the climate of north rn Chile 
and South America for the past 500 years by adding new dat a and ground sur-
fac temperature ( GST) reconstructions and comparing with othcr proxy climate 
r constructions and climat model simulations. 
Earth 's subsurface thermal regime is governed by the outflow of heat from Earth 's 
interior and long-tenn changes in GST. If there are no GST changes , subsurface 
temperature increases linearly with depth. \iVhen persistent t emporal GST varia-
t ions occur , they diffu e downward and are recorded as pert urbations to Eart h 's 
st eady-state geotherm (see, e.g., Hotchkiss and Ingersoll , 1934; Birch, 1948; B ck, 
1977). The duration, amplitude and time when GST changes occur govern the 
ext nt to which they are record d. At tempts to infer pas t climat e from these 
borehole t emperature-depth profiles began in the 1930s (Hotchkiss and Ingersoll , 
1934). It was, however , only in the 1970s that systematic studies to infer past 
climat were undertakcn (Cermak, 1971; Sass et al. , 1971; Beek, 1977). As of 
the 1980s, the t chnique became more widespread due to concerns about increas-
ing global temp rature (Lach nbruch and Marshall , 1986; Lachenbruch, 1988). 
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Over th years, many global, regional, and local reconstructions have been un-
dertak n (Huang et al., 2000; Harris and Chapman, 2001 ; Pollack and Smerdon, 
2004; Jaum -Santero et al., 2016; Pickler et al. , 2016a). However, the majority of 
these studies have focused on th Northern Hemisphere with litt le attention to the 
Southern Hemisphere and South America due to a lack of data. There are numer-
ous high-resolution borehole temp rature-depth measurements in South America, 
primarily made for heat flow studies (Figure 3.1) (Watanabe et al. , 1980; Uyeda 
and Watanabe, 1982; Hamza and Mufioz, 1996; Springer and Forster , 1998). The 
first heat flow measurements date back to the mid sixties before the marked warm-
ing observed in the Northern Hemisphere. Uyeda and Watanabe (1970) conducted 
a preliminary study of heat flow in South America. The majority of thermal gradi-
ents are normal or subnormal over the continent with high values in the Andes and 
low values on the Pacifie coast and along the Amazon River. Additional measure-
ments have been made in Brazil but the data are in publications of lirnited access 
(e.g., Vitorello et al., 1980; Hamza et al. , 1987) . Uyeda and Watanabe (1982) 
examined 25 heat flow measurements from western South America to investigate 
heat flow in the subduction plat e boundary area of the region. They found low 
heat flux near the trench and high heat flux on the volcanic arc, similar to the 
trends observed in other arc-trench systems. Springer and Forster (1998) collected 
7 4 heat flow measurements across the central Andes subduction zone in Chile and 
Bolivia to study large scale heat flux variations. They concluded that the heat 
flux pattern of the Central Andean subduction zone is similar to that of the ac-
tive margin of the North American continent. But , they noted that differences in 
subduction parameter results in different lithospheric thermal conditions. Only a 
few of these borehole ternp rature profiles are useful for climate studies because of 
depth range and inadequat sampling. Furthermore, the only accessible archive of 
the t emperature profiles are the publications. The uneven distribution of available 
and sui table borehole temperature measurements leaves sever al areas void of mea-
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surements. Huang et al. (2000) undertook a global reconstruction of t emperatures 
for the past five c nturies and inferred a five century cumulative t emperature in-
crease of 1.4 K over South America. Because this study relies only on 16 borehole 
temperature-depth profiles, additional data are needed to confirm its conclusions. 
Hamza and Vieira (2011 ) analyzed over 30 borehole t emperature-depth profiles 
from the Amazon region, the Cordilleran region of Colombia, eastern Brazil and 
the Cordilleran region of Peru. They inferred a warming of 2-3.5°C from the early 
20th century to present with similar trends observed in tropical and subtropical 
zones. On the other hand, semi-arid zones had a warming of 1.4-2.2°C from the 
lat 19th century to present. 
As part of an attempt to enlarge the South American borehole t emperature data 
set , we have collected 31 borehole t emperature-depth profiles measured in 1994, 
2012, and 2015 in northern Chile, a region t hat was void of data, and reconstructed 
the GST history for the past 500 years. We shall compare these reconstructions 
with mod l outputs and met eorological data for the region, along with proxy 
climate reconstructions for central Chile and southern South America to assess 
their robustness and det ermine climat e trends for northern Chile. 
3.2 Methodology 
To utilize t emperature-depth profiles to reconstruct GST histories, we assume 
that Earth is a half-space where physical properties vary solely with depth, heat 
is transported only by vertical conduction, and that changes in the surface t em-
perature boundary condition propagat e into the subsurface and are recorded as 
temperature pert urbations, 1t(z), of the quasi-steady state temperature profile. 
Th t mperature at dept h , T(z), can then be written as (J aupart and Mareschal, 
2011): 
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rz dz' rz' 
T(z) = T0 + q0 R(z) - la .\(z') la H( z")dz" + Tt( z) (3.1) 
where T0 is the long-term ground surface t emperature, q0 is the quasi-steady state 
heat flux, .\(z) is the thermal conductivity, z is the depth, H( z) is th radioactive 
heat production, and Tt( z ) is the t mperature perturbation at depth z. R(z) is 
the th rmal depth, which is defined as: 
rz dz' 
R(z) = la .\(z' ) (3.2) 
Th temperature perturbation, Tt( z ), can be written as (Carslaw and Jaeger, 
1959): 
(3 .3) 
where r;, is the thermal diffusivity, t is time before present, and T0 (t) is the surface 
temperature at time t. For a stepwise change in 6.T in surface temperature at 
time t before present , the temperature perturbation, Tt(z), is given as (Carslaw 
and J aeger , 1959): 
Tt( z ) = 6.Terfc( ~) 
2yr;,t 
(3.4) 
wh re erfc is the complementary error function. The surface tempertur , T0 (t) , can 
th en b approximat ed by a series of constant values, 6.Tk , over K t ime intervals 
(tk-l,tk), and the perturbation, Tt(z), is as follows: 
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(3 .5) 
The !:::.Tk values r pr sent the difference between the average GST during the t ime 
interval (tk-1, tk) and Ta. 
3.2.1 Inversion 
In order to reconstruct the GST history, equation 3.3 (where heat production 
is negl cted) and 3.5 ar combined to obtain one linear equation for each mea-
sured depth (z) with K + 2 unknowns, Ta, qa, and !:::.Tk. The inversion involves 
solving the system of equations for the unknown parameters. This can be done 
by: (1) solving for the K + 2 unknown parameters simultaneously or (2) de-
termining indopendently Ta and ra, the long-term ground surface temperature 
and quasi-steady state t mperature gradient . Here, we use the second technique. 
Ta and ra are calculated by the linear regression of the bottommost 100 rn of 
the t emperature-depth profile. The bottommost 100 rn of the temperature-depth 
profile is used since it is assumed to be sufficiently deep to be free of short pe-
riod surface temp rature perturbations and represent the geothermal quasi-steady 
state. An estimate of the maximum error at a 95% confidence int rval of Ta and 
ra is also provided by the linear regression and are the upper and lower bounds of 
the geothermal quasi-steady state, referred to as the extremal steady states. The 
anomaly or t emperature perturbation, Tt, is then obtained by the subtraction of 
this linear fit from the data. If N temperature measurements were made, we are 
now left with a system of N linear equations with K unknowns, the K values 
of !:::.Tk. This system of equations is ill-conditioned and its solution is unstable 
(Lanczos, 1961). To stabilize the solution, varions inversion techniques have been 
used (Bayesian methods , singular value decomposition, Monte-Carlo methods) 
and applied to GST history reconstructions (e.g., Vasseur et al., 1983; Shen and 
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Beek, 1983; Nielsen and Beek, 1989; Mareschal and Beltrami, 1992; Wang et al. , 
1992; Clauser and J\!Iareschal, 1995). We are using singular value decomposition 
(SVD) because its application to GST reconstructions is straightforward. More 
details can be found in 11areschal and Beltrami (1992) and Clauser and Mareschal 
(1995). 
3.2.2 Simultaneous inversion 
Simultaneous inversion is used at sites with multiple boreholes . These sites are 
expected to have experienced the same surface t emperature variations and have 
consistent subsurface t emperature anomalies. Inverting these sites simultaneously 
for a common GST history model results in increasing the signal to noise ratio 
and reinforcing trends in the t emperature anomalies. This technique has been 
widely used and is discussed further in Beltrami and Mareschal (1992) , Clauser 
and Mareschal (1995) and Beltrami et al. (1997). 
3.3 Data description and selection 
Thirty-one borehole t emperature-depth profiles varying in depth from 118 rn to 
557 rn were logged at 11 sites in northern Chile (Figure 3.2). All boreholes are 
locat ed in the Atacama desert , an arid region with litt le to no veget ation. The 
profiles were measured during three different campaigns in 1994, 2012, and 2015 
(Springer , 1997; Springer and Forster, 1998; Gurza Fausto , 2014) . Locations, 
depths , elevations , and campaign det ails are summarized in Tables 3.1, 3.2, and 
3.3. All boreholes logged were drilled for mining exploration purposes . The data 
were obtained using different measurement t echniques. Digital optic-fibre temper-
ature sensing (DTS) was used in 1994 and 2015. It is based on the measurement of 
a backscattered laser light pulse t hrough a fibre-opt ic cable (Fürst r et al., 1997; 
Forst er and Schrotter , 1997). This results in the instantan ous measurement of 
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the entire profile once the cable has been complet ely lowered into the borehole. 
A detailed description of this methodology can be found in Forster et al. ( 1997) , 
Forster and Schrotter (1997), Hausner et al. (2011) and Suarez et al. (2011) . The 
remaining profiles were measured using the conventional method of lowering a cal-
ibrated thermistor into the borehole and measuring temperature with depth. In 
2012 , temperat ure was measured continually by lowering the thermist or into the 
borehole at an average speed of rv10-15 rn/ min. In 1994 and 2015 , t emperatures 
were measured at 2 rn and 10 rn intervals , respectively. All sit s were resampled 
at 10 rn intervals to ensure they were weighted evenly. Forster et al. (1997) and 
Wisian et al. (1997) ran t ests to ensure the compatibility of the two methods 
(DTS and conventional). An offset in the t emperature-depth profiles was found 
and attributed to the calibration of the measurement tools. This effect is consid-
ered unimportant when examining temperature changes but must be t aken into 
consideration when calculating the long-tenn GST. 
To determine the suitability of the borehole temperature-depth profiles for di-
mate studies, several selection criteria were used and lead to the reject ion of 20 
t emperature-depth profiles (Table 3.4). Firstly, the t ectonic set ting of the 31 
borehole t emperature-depth profiles was considered. They were measured in the 
tectonically active central An dean oro geny. U plift and erosion occur within an 
orogeny and can alter the t emperature gradient (Jeffreys , 1938; Benfield , 1949; 
Jaupart and Mareschal , 2011). However, these t ectonic effects operat on a much 
larger timescale than the 500 year period studied here and are therefore consid-
ered to be negligible. Secondly, to reconstruct 500 years , boreholes must be at 
least 300 rn deep and have measurements in the top 100 m. Any sites less than 
300 rn deep and/ or with no measurements in the top 100 rn were deemed too 
shallow and rejected. Furthermore, profiles were visually inspected to ensure no 
discontinuities, signs of water flow, or other perturbations t hat would make them 
86 
unsuitable for climate r constructions. As topography is known to distort the 
temperature isotherms, sites in regions of significant topography were rejected 
(Jeffreys , 1938). This left eleven profiles suitable for climate studies. However , 
two of the retained profiles are repeat measurements and do not provide addi-
tional information. The measurement and repeat measurement of the borehole 
temperature data at the Vallenar site (ala1110/ ala1110-2) were done using the 
same t echnique ( conventional method with continuous sampling) and yield iden-
tical profiles. The ret ained profile ( ala111 0-2) was chosen ar bi tr arily. The second 
site with repeat measurements was bor hole 1501/ DDH2489A at Inca de Oro. 
The borehole t emperature data were measured using the two different techniques, 
conventional and DT8. Because DT8 has a lower resolution than the conventional 
method, the DT8 profile (DDH2489A) was discarded. 
After data selection, nine independent profiles were retained for climate recon-
structions (Figure 3.3-3.4). They were truncated at 300 rn to ensure we were 
studying the same time period (Beltrami et al. , 2011). These profiles are dis-
tributed between four sites in northern coast al Chile (Michilla) and north-central 
Chile (Inca de Oro, Totoral, Vallenar) (Figure 3.2). The two regions , northern 
coastal Chile and north-central Chil , are separated by over 500 km. The three 
Michilla boreholes, in northern coastal Chile, are rv 10 km from the coast. They 
were measured in a relatively fiat area near the Michilla open pit mine. The re-
maining three sites (Inca de Oro, Totoral , Vallenar) are found in north-central 
Chile between 26°8 and 28°8. Four boreholes were logged at Inca de Oro in a 
fiat region, rv 1 km from the Inca de Oro mine and less than 100 km from the 
coast. The Totoral borehole was rv75 km south-west of t he city of Copiap6 and 
located in a rolatively fiat area, rv50 km from the coast. The remaining borehole 
of Vallenar is located between two hills , rv20 km south-w st of the city of Vallenar 
and rv40 km from the coast. 
l 
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3.4 Results 
The GST changes for the past 500 years relative to the measurement date were 
reconstructed for the four retained sites (Michilla, Inca de Oro, Totoral, Vallenar) 
using a madel consisting of 25 time-steps of 20 years (Figures 3.5-3.8). Sites 
with multiple boreholes (Michilla and Inca de Oro) were inverted simultaneously 
to increase the signal to noise ratio (Beltrami et al., 1997). Furthermore, as we 
expect meteorological t rends to be correlated over <500 km, the six borehole 
temperature-depth profiles in north-central Chile (Inca de Oro, Totoral, Vallenar) 
were also inverted simultaneously (Figure 3.9). Three eigenvalues were retained 
for all the inversions. The number of eigenvalues ret ained acts as a smoothing con-
straint by removing part of the solut ion that is most affected by noise (Mareschal 
and Beltrami, 1992) . The inversion results are summarized in Table 3.5. 
The GST history of northern coast al Chile (Michilla) shows no warming or cao l-
ing for the past 500 years (Figure 3.5). However, the temperature anomalies of 
the three Michilla profiles show very weak climate signais that are not consistent 
between profiles (Figure 3.4). Two of the temperature anomalies indicate a cool-
ing ( rv0 .2 K), while the other suggests a wanning (rv0.5 K). The small amplitude 
and inconsistencies point to the absence of a signal above the level of noise. This 
differs from the trends observed in north-central Chile, which is plausible as the 
two regions are over 500 km apart. 
A climate signal has been recorded in the GST history of the t hree north-central 
Chile sites (Inca de Oro, Totoral, Vallenar) (Figures 3.6-3.8) . Two main periods 
appear: (1) no warming or cooling betwe n 1500 and rv1800 and (2) arec nt di-
mate warming. There are differences between sites with respect to the amplitude 
and t iming of t his warming. The wanning at Inca de Oro and Vallenar is very 
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recent , beginning in 1960, while that of Totoral starts much earlier , rv1800. This 
warming ranges in amplitude from 0.4 K at Vallenar to 2.2 K at Inca de Oro. It 
continues un t il present (2000) at Inca de Oro and Vallenar. However, at Totoral, 
the maximum temperature, a warming of 1.7 K , is reached in 1960 and followed by 
a cooling of rv1 K until present. The robustness of this cooling is questionable as it 
is not marked in the temperature anomaly and may be outside the resolution of our 
reconstructions. Between rv1800 and 1960, cooling of 0.9 K and 1.1 K are found 
at Inca de Oro and Vallenar, respectively. It is also apparent in the temperature 
anomalies for the Vallenar and Inca de Oro, excluding borehole 1505 (Figure 3.4). 
This cooling is not present in the GST history or temperature anomaly of Totoral. 
The simultaneous inversion of the six northern-central Chile borehole temperatur -
depth profiles yields a GST history similar to those of Inca de Oro and Vallenar 
(Figure 3.9). There is no warming or cooling between 1500 and rv1800. A cooling 
of 0.6 K is inferred between rv1800 to 1960, followed by a warming of 1.9 K until 
present. 
3.5 Discussion 
3.5 .1 Comparison between GST histories 
A recent climate warming of rv0.5-2 K with resp ct to t he long-term GST is recon-
structed at all sites in north-central Chile. The amplitude of this warming agrees 
with that suggest d by Huang et al. (2000) for the South American continent (1.4 
K). Fu.rthermor , its amplitude agrees with t h warming of rv1.4-2.2°C inferred 
for semi-arid regions of South America, starting in the late 19th century (Hamza 
and Vieira, 2011). The timing of t his warming coincides with that of the Totoral 
site but is much earlier than at Inca d Oro, Vallenar , and north-c ntral Chile, 
which occurred rv20-40 years BP. Th re is also no evidence of cooling in the GST 
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for semi-arid South America, suggesting that this cooling is a regional feature of 
north-central Chile. 
The global reconstruction of Huang et al. (2000) did not analyz any borehole 
temperature-depth profiles from northern Chile, but analyzed four borehole t em-
perature depth profiles from the semi-arid region of Peru. Only two of these 
profiles meet our selection criteria (LM18 and LOB525), the others (LOB527 
and PE 742) are too shallow. Figure 3.10 compares the P eruvian GST history 
with that for north-central Chile. The GST history for the Peruvian boreholes 
was det ermined by the simultaneous inversion of the temperature anomalies (ob-
tained using the technique outlined in section 3.2.1) eut at 300 m and ret aining 
3 eigenvalu s. Since the e boreholes were measured in 1979, the GST history was 
reconstructed with respect to the year of measurement. The Peruvian and the 
north-c ntral Chile GSTs agree for the period between 1500 and rv 1800, where no 
cooling or warming is observed. Following this period , the Peruvian GST shows a 
warming signal of 1.6 K until 1979. The amplitud of this warming signal agrees 
with that of north-central Chile (1.9 K) but it starts much earlier and no cooling 
period is inferred. Howev r , examining the GST of LM18, the Peruvian site clos-
est to the border with Chile and at the northern edge of the Atacama desert, a 
cooling of rv0.5 K is present from rv1800 to 1950, agreeing with that observed in 
north-central Chile. This leads us to hypothesize that this cooling is a local trend. 
3.5.2 Comparison wit h meteorological data 
Meteorological dat a from the CRUTEM4 for the northern coastal and north-
central Chile gridpoints are available but only extend back rv 100 years ( Jon s 
et al. , 2012). The CRUTEM4 data for northern coastal Chile and nort h-cent ral 
Chile show a warming trend over the pas t 100 years, highlight ing the abs nee of 
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climate signal in the northern coastal Chile GST history. This warming agrees 
with the recent warming in the GST history for the north-c ntral Chile, but its 
amplitude is "'4 times less than that of the GST history. The north-central Chil 
CRUTEM4 gridpoint extends across several climatic zones from th coast to th 
Andes. The elima t e of the Andes and the coast are cool er th an that of the Atacama 
desert. Their infiuenc could explain the smaller warming signal. Furthermore, 
it could explain the absence of a cooling signal, which cannat be resolved on the 
gridpoint scale. 
Examination of meteorological data from Copiap6, a city less than 100 km from 
Inca de Oro in north-central Chile, shows a temperature decrease of rv2.5 K be-
tween 1950 and 1960. To determine whether this cooling could be resolv d by in 
the GST reconstruction, a t est was run for a synthetic profile with a cooling of 
2.5 K between 1950 and 1960. The profile was inverted for a history of the last 
500 years in intervals of 20 years, retaining 3 eigenvalues . The inversion yi lded a 
cooling of 0.5 K betw en 1800 and 1960, showing that a strong local cooling be-
tween 1950 and 1960 could be interpreted as the cooling trend in the north-central 
GST history. 
3.5.3 Comparison with other climate proxies 
The north-central Chile GST history was also compared with the linear regression 
5-year smoothed austral summer surface air temperature reconstruction from sed-
imentary pigments at Laguna Aculeo, central Chile (von Gunten et al., 2009) and 
the southern South America austral summer surface air temperatures inferred 
from 22 annually resolved predictors from natural and anthropogenic archives 
(Neukom et al., 2010) (Figure 3.11). While there have been paleoclimatic studies 
in northern Chile, they do not focus on the recent climate, i. e. the last 1000 years 
(e.g., Bobst et al., 2001; Grosjean et al., 2003) , leading to the comparison with 
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the von Gunten et al. (2009) and Neukom et al. (2010) data. This also provides 
insight to whether the trends in northern Chile are regional or extend through cen-
tral Chile and southern South America. From 1500 to 1700, there is no warming 
or cooling observed in any of the proxy climate reconstructions. Decadal varia-
tions, which cannat be resolved in the GST, are observed from 1700 to 1900 in 
the climate reconstruction for central Chile and south rn South America. The 
climate reconstructions for the three regions show a recent climate warming but 
differences are noted with respect to the timing of its onset and its amplitude. In 
southern South America and central Chile, a recent warming of rv0.5 K starting 
rv150 years BP is inferred. In northern Chile, the warming begins significantly 
later, rv20-40 years BP, and reaches a maximum of 1.9 K with respect to the long-
term GST. No cooling tr nd is observed in th c ntral Chile or southern South 
America climat recon tructions. These differences suggest that the cooling and 
great er amplitude recent warming are regional features of north-central Chile but 
the absence of warming or cooling from 1500 to 1700 is a climat trend for south-
ern South America. 
3.5.4 Comparison with models 
The simulations of the last mill nnium for the Paleoclimate Modelling Intercom-
parison Project Phase III (PMIP3) of the Coupled 1/Iodel Intercomparison Proj ect 
Phase 5 (C1v'IIP5) provid insight to the climate of the last millennium (Braconnot 
et al. , 2012; Taylor et al. , 2012). The six models used to determin the multi-model 
mean surface t emp rature anomaly are outlined in Table 3.6. The multi-model 
rn an surface temperature anomaly from the last millennium PMIP3/ CMIP5 sim-
ulations for the gridpoints of northern coastal and north-central Chil show similar 
trends. Between 1500 and 1900, there is no warming or cooling. From 1900 t o 
present, t here is a warming of rv1 K. This supports t he abs •nc of climate signal 
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in the GST history of northern coastal Chile. Similarities are observed b tween 
the multi-model mean surface t emperature anomaly for the north-central Chile 
gridpoint and the GST history for the region (Figure 3.12). Both infer no warming 
or cooling between 1500 and "'1800 and a recent warming. The warming of the 
PMIP3/ CMIP5 surface temperature simulation is half and starts earlier than that 
reconstructed by the GST history. No cooling is observed in the PMIP3/ CMIP5 
surface temperature simulation for the north-central Chile gridpoint . This fur-
ther suggest that this cooling trend and greater amplitude recent warming ar 
local trends for north-central Chile and cannot be resolved on the PMIP3/ CMIP5 
gridpoint scale. 
3.6 Conclusions 
Thirty-one temperature-depth profiles from northern Chile were collected to r -
construct the GST history for th past 500 years. No climate signal was recorded 
in the northern coastal Chil profiles. The GST history for north-central Chil 
shows a period of no warming or cooling between 200-500 years BP, a cooling of 
0.6 K from "'60-200 years BP followed by a recent climate warming of 1.9 K for 
"'20-40 years BP. Th absence of warming or cooling from "'200-500 y ars BP 
is also found in other GST histories for South America, climate reconstructions 
for central Chile and southern South America, and the PMIP3/ CMIP5 surface 
temperature simulation for the northern coastal and north-central Chile grid-
points. A cooling signal from "'1850 to "'1960 coin ci ding with that inferred in the 
GST hist ory for north-central Chile is only observed in the GST reconstruction 
for the Peruvian borehole (LM18) at the northen1 edge of the Atacama desert. 
The amplitude of the recent warming agrees with GST reconstructions for Peru 
and semiarid regions of South America but is great er than that inf rred by the 
CRUTEM4 data, climate reconstructions for central Chile and southern South 
America and the PMIP3/ CMIP5 Rurface temperature simulation for the north-
i 
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central Chile gridpoint. Differences are also observed with resp ct to th timing 
of the recent warming. While it begins rv20-40 y ars BP in the north-central 
Chile GST, it starts rvlOO years BP in the other South American GST histories, 
climate reconstruction for c ntral Chile and southern South America, CRUTEM4 
data for the north-central Chile gridpoint, and th PMIP3/ CMIP5 surface t em-
perature simulation for north-central Chile. 
Differences are hypothesized to be due to regional trends in the Atacama desert , 
which cannot be resolved on the PMIP3/ CMIP5 or CRUTEM4 gridpoint scale, 
and do not occur in central Chile or southern South Am rica. The period of no 
warming or cooling from 200-500 years BP appears b a regional trend for all of 
South America. However, more data and reconstructions are required to confirm 
these conclusions and determine the long-term climate trends for northern Chile. 
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Appendix-Boreholes not suitabl for climate 
The borehole temperatur -depth profiles that did not meet the selection crite-
ria for climate studies can be found in Figure 3.13. The majority of borehole 
temperature-depth profiles wer rejected because they were deemed too shallow, 
i. e. they were less than 300 rn deep or had no rn asurements in the top 100 m. 
Sorne were also eliminated du to discontinuities, signs of water flow, or other 
perturbations through visual insp ction of the profiles. Furth nnore, sites were 
excluded due to topography since it is known to distort the temperature isotherms 
(Jeffreys, 1938). 
3.6.1 El Loa 
The site is mountainous and includes two boreholes . This is the furthest east 
and has the highest elevation (3950 rn) among all the sites in this report. The 
temperature-depth profiles were too shallow for climate studies. They indicated 
high heat flux in the region (Figure 3.13), which could be attributed to the prox-
imity of two volcanoes, the Mifio Volcano (rv6 km) and the Cerro Aucanquilcha 
(rv20 km). 
3.6.2 Mansa J'v1ina 
The Mansa Mina bor hol is located in a relatively fiat region. It is < 10 km from 
Chuquicamata mine, which is by extracted volume the largest open pit mine in 
the world, and rv10 km from the city of Calama. It is too shallow for climate 
studies. 
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3.6.3 Si rra Limon Verde 
Six borehole t emperature-depth profiles were measured in Sierra Limon Verde. 
They are shallower than 300 m and found within 25 km. Boreholes MODD37 
MODD38, and MODD45 lie on top of a rv400 m high hill. SLV-A and SLV-B are 
situated on the southern fiank of this hill and MODD34 on the northern slope. 
The site is rv25 km from the city of Calama and rv35 km from th Mansa Mina 
borehole. 
3.6.4 Sierra Corda 
The two boreholes are located in a relatively fiat region, rv30 km south-east of the 
village of Sierra Corda and were too shallow to be retained for climate studies . 
They are s parated by rv9 km and are close to the Sierra Corda open pit mine. 
3.6.5 Vallenar 
This site, rv 20 km from Vallenar and rv40 km from the coast , has two boreholes 
that have been measured twice using the same measurement t echnique. The repeat 
measurements were not included in order to not bias the reconstructions and 
only bor hole alalllO was retained for climate studies. The temperature-depth 
measurement of borehole ala0901 was discarded for being too shallow. Borehole 
ala0901 is rv300 m from borehole alalllO and is located between two hills , rv 20 
km from Vallenar and rv40 km from the coast . 
3.6.6 Copiapô 
Two boreholes, rv200 m apart , were measured at Copiapô. The temperature-depth 
profile of borehole 1507 / DDH009 was measured twice using diff rent t echniques, 
conventional and DTS. The two boreholes are in an area of significant topogra-
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phy, ""'10 km east of the city of Copiap6. Sin ce topography dis torts t emperature 
isotherms , the temperature-depth profiles were rejected. Furthermore, discont i-
nuities were noted in the profiles of boreholes 1506 and 1507. 
3.6.7 Totoral 
The site is in a relatively fiat area, rv75 km south-west of Copiap6, and rv50 km 
from the coast. Two temperature-depth profiles for borehole 1509/ RC370 were 
obtained using the conventional method and DTS. The profile obtained using 
DTS was ret ained , while that measured using t he conventional method show d 
discontinuities probably caused by instrum ntal problems and was rejected. 
3.6.8 Punta Diaz 
The site is on top of a rv100 m hill and rv3 km from the town of Punta Diaz. 
Signs of water flow are present in t h temperature-depth profile, which lead t o its 
exclusion. 
3.6.9 San José de Coquimbana 
The site is on the side of a small hill , rv40 km from Vallenar and rv30 km from the 
coast . U sing DTS and the conventional method, two temperature-depth profiles 
were measured for borehol 1511 / RC363. Both profiles show signs of water flow 
and were discarded. 
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measurements for heat flow studies (Lucazeau , personal communication). Red 
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in Brazil , are not included as they are not useful for climate studi s. The rectangle 
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measured in 2012 , and white diamonds are measured in 2015. Sites with borehole 
temperature-depth profiles deemed suitable for climate are Michilla, Totoral, Inca 
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Figure 3.3 Retained temperature-depth profiles measured in 1994 (green), 2012 
(blue), and 2015 (pink). Temperature scale is shifted as indicated in parent hesis. 
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Figure 3.4 Temperature anomalies for the retained temperature-depth profiles, 
where IDO is Inca de Oro. The pink and blue lines represent th upper and lower 
bounds of the temperature anomaly. Th se are not visible at IDO-DDH2457 and 
Vallenar ala1110-2 b cause they are superimpos d. 
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Figure 3.5 GST history for northern coastal Chile (Michilla) determined for its 
period of measurement (1994) from the simultaneous inversion of na12 , p398 , 
and z197, where 3 eigenvalues are retained. Th pink and blue lin s represent 
the inversion of the upper and lower bounds of the temperature anomaly or the 
extremal steady states. 
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Figure 3.6 GST history for Inca de Oro determined from the simultaneous in-
version of DDH2457, 1501 , 1504, and 1505, with 3 eigenvalues retained. The 
pink and blue lines represent the inversion of th upper and lower bound. of the 
t emperature anomaly or the extremal steady states. 
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Figure 3 .13 Rejected temperature-depth profiles measured in 1994 (green), 2012 
(blue), and 2015 (pink). 'I1 mp rature scale is shifted as indicated in parenthesis. 
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Table 3.5 Summary of inversion results where Tais the long-term surface temper-
a ture, ra is the quasi-steady state temperature gradient and 6.. T is the difference 
between the maximal temperature and the temperature at 1500 y ars CE. 
Site Log ID Ta ra 6.T 
(oC) (km-1) (K) 
Michilla 0.1 
na12 20.86±0.01 9.9±0.1 
p398 20.91±0.01 8.8±0.2 
z197 22.01±0.01 10.4±0.3 
Inca de Oro 2.2 
DDH2457 22.44±0.01 12.9±0.1 
1501 22.48±0.02 14.0±0.5 
1504 22 .88±0.02 12.3±0.3 
1505 22.38±0.01 14.6±0.3 
Tot oral RC370 20.79±0.01 11.3±0.2 1.7 
Vallenar ala1110-2 23.48±0.00 6.6±0.01 0.4 
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Table 3.6 Summary of model used to calculate the multi-model m an surface 
temperature anomaly from the PMIP3/ CMIP5 simulation 
Mo del Reference 
BCC-CSM1.1 (Li et al., 2014) 
CCSM4.0 (Gent et al. , 2011) 
GISS-E2-R (Schmidt et al., 2014) 
IPSL-CM5A (Mignot and Bony, 2013) 
MPI-ESM (Giorgetta et al., 2013) 
MRI-CGCM3 (Yukimoto et al. , 2012) 
CONCLUSION 
The results presented in this dissertation have expand d the spatial and temporal 
scale of climate studies based on borehole temperature data. The timescale was 
extended by inferring the long-term climatic trends for 100-100,000 years BP from 
thirteen deep boreholes (~ 1500 rn) in eastern and central Canada. Boreholes t em-
perature data and reconstructions were obtained in regions void of data, improving 
the spatial coverage. Twenty-five boreholes were sampled and t he climate of the 
past 500 years in northern Ontario and Québec was reconstructed. This region on 
both sides of James Bay was previously void of data. The t mperature-depth pro-
files of thirty-one boreholes in northern Chile were coll cted and used to infer the 
climate trends of the last 500 years. Prior to this work, no GST reconstructions 
had been undertaken in northern Chil , which lies in South America, a continent 
with very few paleoclimatic reconstructions. All of these works have also provided 
insight to the ground thermal regime, basal temperatures of ice sheets, various 
measurement techniques , and robustness of GCM outputs. 
In th first chapter, entitled "Laurentide lee Sheet basal temperatures at the last 
glacial cycle a inferred from borehole data", t he GST histories of the past 100-
100,000 yrs BP for the region covered by t he southern portion of the Laur ntide 
lee She t in eastern and central Canada were determined. This yielded GST for 
t he last glacial maximum near the pressur melting point of ice (-1.4-3.0°C). As 
the region was covered by the ic ' sheet during this period, they represent the 
basal temperatures of the ice sheet. They indicate the possibility of basal flow 
and ice streams, which could lead to instabili ty. However , t he ice sheet p rsisted 
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over more than rv30 ,000 years with deglaciation only occurring rapidly during th 
Holocene (Carlson et al. , 2008). Fahnestock et al. (2001) and Pritchard et al. 
(2012) have found basal t emperatures near or above the pressure rn lt ing point 
of ice in the pre nt-day ic sheets. Our study shows that this alone is not an 
indication that the ice sheets are unstable, but combined with other processes it 
could lead to inst ability and collapse. 
The second chapter, "Climat e trends in northern Ontario and Québec from bore-
hale t emperature profile ", involved the examination of twenty-five boreholes t em-
perature depth profiles to determine the GST histories of 10 sites in northern 
Ontario and Québec for t he past 500 years. The GST histories showed a warming 
of rv 1-2 K for the past 150 years, agreeing with reconstructions for the southern 
portion of the Superior Province and proxy dat a (Beltrami and Mareschal, 1992; 
Shen and Beek, 1992; Chouinard and Mareschal, 2007). A littl ice age signal was 
present at only one site, Otoskwin. This was surprising as pollen reconstructions 
infer their coldest little ice age signal in northern Québec ( Gajewski, 1988; Viau 
and Gajewski, 2009). This could be the result of insufficient resolution since a less 
than 1 K cooling between 200 and 500 years BP is difficult to resolv in the pres-
ence of noise. It could also be associated with an early little ice age (Chouinard 
et al. , 2007) or be masked by physical effects , su ch as changes in snow cover or the 
advance and retreat of permafrost (Gasselin and Mareschal, 2003). F'urthermore, 
permafrost maps locat e all the boreholes, excluding Nielsen Island , in a region 
of discontinuous isolated patches of permafrost. Nielsen Island lies in a region of 
sporadic discontinuous permafrost . Permafrost was not encountered during sam-
pling of any of the twenty-five boreholes and t he GST histories of all sites, xc pt 
Nielsen Island , remained above 0°C. This suggest that potential for permafrost 
was minimal to absent over the past 500 years. Moreover , researchers from t he 
GEOTOP and the Institut de Physique du Globe de Paris sampled mor t han 60 
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boreholes in the sporadic discontinuous permafrost region of Manitoba and only 
encountered permafrost at one site. This points to possible discrepancies wit h 
permafrost maps, which could be the result of: (1) surface air temperature (SAT) 
interpolation used in permafrost maps being unsuitable to represent t he spatial 
variability of ground t emperatures and/ or (2) an offset between ground and air 
surface t emperatures du to snow caver in th region. Our st udy sugg sts that 
borehole temperature dat a and reconstructions could be used to assess the evo-
lution of permafrost and be a useful tool for the validation of permafrost models 
and maps. 
In the t hird chapter , the GST histories for the past 500 years in northern Chile 
were det rmined from 31 borehole t emperature-dept h profiles . The boreholes are 
locat ed in two regions, northern coast al Chile and north-central Chile. Differing 
trends were observed between the regions , which is not surprising as they are over 
500 km apart. Northen1 coast al Chile recorded no warming or cooling signal. On 
t he ot her hand , the GST history of north-cent ral Chile inferred no warming or 
cooling between "'200-500 y ars BP, a cooling of 0.6 K from "'40-200 years BP 
and recent warming trend of 1.9 K, "'20-40 years BP. The period of no warming 
or cooling between 200-500 years BP appears to be a regional trends for south-
ern South America since it is observed in the climate reconstructions for cent ral 
Chile and southern South America and in the surface temperatur simulation of 
the PMIP3/ C 1IP5. The cooling signal was only observed in the GST for north-
central Chile and for the Peruvian site at the northern edge of the Atacama desert . 
This suggest s tha.t it is a regional trend of the Atacama desert . The recent warm-
ing was also observed in the GST histories of Peru and the semiarid regions of 
Sout h Am rica, meteorological data for the north-central Chile gridpoint, climate 
reconstructions for central Chile and southern South America, and t he climate 
simulation for the north-central Chile gridpoint of the PMIP3/ CMIP5. Differ-
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enc s are noted with respect to the onset and amplitude of this warming. The 
amplitude of this recent warming only agrees with the GST histories for semiarid 
South Am rica and Peru . The onset of th recent warming was rv20-40 years BP 
in the GST of north-central Chile. But, it started earlier , rv100-150 years BP in 
the GST histories for semiarid South America and Peru, the met eorological data, 
the climate reconstructions for central Chile and southern South America and 
the surface temperature simulation from the PMIP3/ CMIP5. The differ nees in 
amplitude and timing ar hypothesized to be related to a regional Atacama trend 
that cannot be resolved on the gridpoint scale. More data and reconstructions are 
required to confirm these conclusions and determine the long- t rm elima te tr nds 
of northern Chile. 
These results open the door for future works. Due to a lack of deep boreholes 
(21500 m), we were constrained to examining the basal temperatures of the south-
ern portion of the Laurentide lee Sheet during the LGC. Mining exploration and 
operations have been moving further north, especially in Québec. This could in-
crease the number of deep boreholes (21500 m) available. Their measurement and 
analysis will expand the dataset and infer the basal conditions of a great er portion 
of the Laurentide lee Sheet. The database of borehole temperature-profiles could 
be used to r construct the GST histories in permafrost regions and provide insight 
to the evolution of permafrost for the past 500 years. 
In northern Chil , the database of borchole temperature-profiles must be in-
creased to determine the long-term climatic trends. Due to an absence of climat 
signal, it is probably not worth targeting the northern coastal region. Efforts 
should be focus on the north-central region but care must be tak n to ensure 
that suitable bor holes with available core samples are found. The majority of 
boreholes used in our study had collapsed resulting in them being too shallow 
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and core samples were not available. Our results also showed that the conven-
tional method has greater resolution than DTS. Therefore, new measurements of 
borehole temperature-depth profiles for climate studies should be made using the 
conventional method. This will provide measurements with greater resolution to 
resolve the climate trends of northern Chile. Furthermore, due to th poor distri-
bution of borehole temperature-depth profiles across South America, a systematic 
effort should be undertaken obtain profiles across the continent and infer their 
GST histories . 
In conclusion, we have shown that borehole t emperature data can provide in-
sight to climate trends on varying spatial and temporal scales. In Canada, we 
have expanded the temporal and spatial scale of these studies by using data from 
deep boreholes to infer long-term climatic trends . We also collect ed data and 
determined reconstructions in regions not previously covered. Furthermore, we 
showed that borehole temperature data and reconstructions are useful tools to 
examine the ground thermal regime and for permafrost studies. In Chile, we have 
compiled new data. Our results should be viewed as preliminary but they open 
an avenue for future studies . 
APPE DIX A 
GST RECONSTRUCTIONS FROM INVERSION OF THE TEMPERATURE 
ANOMAL Y 
In the first chapter, "Laurentid Ice Sheet basal temperatures at the Last Glacial 
Cycle as inferred from borehol data", the basal temperatures of the Laurentide 
Ice Sheet during the LGC were estimated from borehol temperature data. The 
methodology ut ilized varies from that presented in the other two chapters of t his 
dissertation. In order to r construct GST from borehol temperature data, we 
must solve for the K + 2 unknown parameters (Ta, qa , and b.Tk) from the system 
of linear equations for each measured depth (z) . This can be done by: (1) solving 
for the K + 2 unknown parameters simultaneous or (2) Ta and qa can be deter-
mined independently of b.Tk. The first technique was used in this chapter. Here, 
we demonstrate that the second technique leads to similar results and conclusions. 
For each site, the linear regression of the bottommost 200 rn of the temperature-
depth profile was calculated to determine Ta and ra, the long-terrn surface t m-
perature and the quasi-steady state temperature gradient . This repres nts the 
geothermal quasi-steady state. An estimate of the maximum error at a 95% 
confid nee interval of 1~ and ra were provided by this linear regression and are 
the upper and lower bounds of the geothermal quasi-steady state. The temper-
ature anomaly (Tt) is then obtained by the subt raction of the quasi-steady state 
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geotherm from the temperature-depth profile. 
The temperature anomalies of the thirteen sites were inverted to reconstruct the 
GST histories from 100 to 100,000 years using a model consisting of 16 time-steps 
whose distribution varies logarithmically (Figures A.2-A.13). A singular value 
cutoff of 0.08 was used, retaining 4 eigenvalues. The temperatur )S obtained dur-
ing t he last glacial maximum range between -1.14°C and 3°C and are near th 
pressure melting point of ice. These basal temperatures indicate the possibility of 
basal melt and fast flowing ice str 'ams. Furthermore, the warmest basal tempera-
tures and high st h at flux ar recorded at Sudbury (Victor Min and Lockerby) , 
agreeing with the reconstructions from the full log and suggest a possible relation-
ship between basal temperatures and heat flux. These are the same conclusions as 
drawn using the alternative method. The minimum temperatur obtained using 
the two methods are compared in Table A.l. Differences can be attributed to the 
depth interval used to obtain the temperature anomaly. These results show that 
both techniques (inversion from temperature anomaly and full log) yield similar 
results and lead to the same conclusions. 
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Figure A.l GST history for Flin Flon, where 4 eigenvalues are retained. The 
pink and blue lines r present the inversion of the upper and low r bounds of the 
geothermal quasi-steady state or the extremal steady stat es . 
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Figure A .2 GST hi tory for Pipe Mine (Thomp on), where 4 eigenvalues are 
retained. The pink and blue lin s represent the inversion of the upper and lower 
bounds of the geothermal quasi-steady stat e or the extremal steady states. 
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Figure A.3 GST history for Owl (Thompson), where 4 eigenvalues are r tain cl. 
The pink and blue lines represent the inversion of the upper and lower bounds of 
the geothermal quasi-steady state or the extremal steady states. 
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Figure A.4 GST history for Balmertown, where 4 eigenvalues are retained. The 
pink and blue lines represent the inversion of the upper and lower bounds of the 
geothermal quasi-steady state or the extremal steady states. 
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Figure A.5 GST history for Manitouwadge 0610 (Geco0610), where 4 eigenvalues 
are retained. The pink and blue lines repr sent the inversion of the upper and 
lower bounds of the geothermal quasi-steady state or the extremal steady states . 
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Figure A.6 GST history for Manitouwadge 0611 (Geco0611), where 4 eigenvalues 
are retained. The pink and blue lines represent the inversion of the upper and 
lower bounds of the geothermal quasi-steady state or the extremal steady states. 
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Figure A . 7 GST his tory for Victor Mine (Sudbury), where 4 eigen values are 
r tained. The pink and blue lines represent the inversion of the upp r and lower 
bounds of the geothermal quasi-steady state or t he extremal steady states. 
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Figure A .8 GST history for Falconbridge (Sudbury), where 4 igenvalues are 
retained. The pink and blue lines represent the inversion of the upper and lower 
bounds of the g othermal quasi-steady state or the extremal st ady stat s. 
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Figure A.9 GST history for Lock rby (Sudbury), where 4 eigenvalues are re-
t ained. The pink and blue lines represent t he inversion of the upper and lower 
bounds of the geothermal quasi-st eady st at e or the extremal st ady states. 
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Figure A. lO GST history for Craig Mine (Sudbury), where 4 eigenvalues are 
retained. The pink and blue lines r present t he inversion of t he upper and low r 
bounds of the geothermal quasi-steady st ate or the extremal steady stat es . 
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Figure A.ll GST history for Val d 'Or, where 4 eigenvalues ar> r tained. The 
pink and blue lines represent the inversion of the upper and lower bounds of the 
geothermal quasi-steady state or the extremal steady states. 
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Figure A.12 GST history for IVIatagami, where 4 eigenvalues arc retained. The 
pink and blue lines represent the inv rsion of the upper and lower bounds of the 
geothermal quasi-steady statc or the extremal steady states. 
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F igure A.13 GST hi tory for Sept Iles, where 4 eigenvalues are retained. The 
pink and blue lines repr sent the inversion of the upper and lower bounds of t he 
geothermal quasi-steady state or the extremal steady states. 
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Table A .l Comparison of GST histories reconstructed from the t emperature 
anomaly (anom) and the full profil (full) where Tmin(anom) is the minimum tem-
perature obtained by inverting the temperature anomaly, tmin(anom) is the t im-
ing of the minimal t emperature obtained by inverting the temperature anomaly, 
Tmin (full) is the minimum t emperature obtained by inverting the full profile, and 
tmin(full) is the t iming of the minimum t emperature obtained from the inversion 
of the full profile. Par ntheses indicat e sites where the GST history is not relia ble. 
Site Tmin(anom) tmin(anom) Tmin(full) tmin(full) 
(oC) ka (oC) ka 
FlinFlon -0.21±0.2 7.5-10 -0.25 10-20 
Pipe 0.20±0.17 0.15-0.2 0.27 0.15-0.2 
(Owl)a -2.67±0.30 5-7.5 -2.36 5-7.5 
Balmertown 1.53±0.25 5-10 1.65 5-7.5 
Manitouwadge 0610 0.87±0.24 10-20 0.95 10-20 
(I\1anitouwadge 0611 )b -2.85±0.75 10-30 -2.83 20-30 
Victor Mine 2.21±0.16 10-30 3.00 10-30 
Falcon bridge 0.18±0.24 20-30 -0 .20 20-30 
Lockerby 3.00±0.08 30-40 2.84 10-30 
(Craig Mine)c 2.80±0.06 20-30 3.0 20-30 
Val d 'Or 0.85±0.31 7-20 0.58 10-20 
Matagami 0.08±0.12 10-20 0.34 10-20 
Sept Iles -1.14±0.80 10-20 -1.42 10-20 
aThe temperature profile at this site may be distorted by horizontal contrasts in thermal 
conductivity, bThe temperature profile in the lowermost part of the hole may be affected 
by subvertical layering and thermal conductivity contrasts , eThe temperature profile 
may be affected by waterfiow caused by pumping in the nc~arby mine. 
APPENDIX B 
INDIVIDUAL GST RECO STRUCTIONS FOR NORTHERN 0 TARIQ 
AND QUÉBEC 
In the second chapter, "Climate trends in north rn Ontario and Qu'bec from bore-
hale temp rature profiles", twenty-.five borehole temperature-depth profiles were 
measured to reconstruct the climat trends for the past 500 years in northern On-
tario and Québec. Only eighte n boreholes from t en sites wer deemed suitable 
for climate studies. The GST histories for sites with multiple bor holes (Thierry 
Mine, Noront , Eastmain, and Camp Coulon) wer determined using simultaneous 
inversion. Here, we present the individual GST histories for the ooreholes from 
these sites (Figures B.2-B.12). 
The individual GST histories were calculated from the temp rature-d pth pro-
files for the last 500 years for intervals of 20 :years with 3 eigenvalu s ret ained. 
The temperature-depth profiles were truncated at the san1e depth us d for the 
simultaneous inversion to ensure comparison of the same time period (530 rn at 
Thierry Mine, 400 rn at Noront , 400 rn at Eastmain, and 400 rn at Camp Coulon) 
(Beltrami et al. , 2011). Table B.l summarizes the results of the inversions. The 
individual reconstructions are noisier than those obtained from simultaneous in-
version, illustrating the increase in signal to noise ratio when utilizing the latter 
technique. No LIA signal is observed at any site. All sites, except 1014 ( oront) , 
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infer a warming of rv1-2 K for the past rv150-200 years . It appears that 1014 
(N oro nt) has not recorded a warming or cooling signal. Furthermore, the individ-
ual GST histori s suggest t hat the regions were free of permafrost for t he last 500 
years, agreeing wit h the GST histories obtained from simultaneous inversion. 
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Figure B.l GST history for 0605 (Thierry Mine), where 3 eigenvalues are re-
t ained. The pink and blue lines represent t he inversion of t he upper and lower 
bounds of the geothermal quasi-steady state or the extremal steady st ates . 
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Figure B.2 GST history for 0606 (Thierry Mine), where 3 eigenvalues are re-
tained. The extremal steady states are not visible because t he three lines are 
superimposed. 
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Figure B.3 GST history for 0608 (Thi rry Mine), where 3 eigenvalues are re-
tained. The pink and blue lines r present the inversion of the upper and lower 
bounds of the geothermal quasi-steady state or the extremal steady states. 
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Figure B.4 GST history for 1012 (Noront), where 3 eigenvalues are retained. 
The pink and blue lines repres nt the inversion of the upper and lower bounds of 
the geothermal quasi-steady state or the extremal steady states. 
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Figure B.5 GST history for 1013 ( orant), where 3 igenvalues are retained. 
The pink and blue lines repres nt the inversion of the upper and lower bounds of 
the geothermal quasi-steady state or the extremal steady states. 
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Figure B.6 GST history for 1014 ( orant) , where 3 igenvalues are retained. 
The pink and blue lines represent the inversion of the upper and lower bounds of 
the geothermal quasi-st ady state or the extremal steady states. 
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Figure B.7 GST history for 1015 (Noront), where 3 eigenvalues are retained. 
The pink and blu lines represent the inv rsion of the upp r and lower bounds of 
the geothermal quasi-steady state or the extremal steady states. 
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Figure B.8 GST history for 0803 (Eastmain), where 3 eig nvalues are ret ain d. 
The pink and blue lines represent the inversion of the upper and lower bounds of 
the geothermal quasi-steady state or the extremal steady states. 
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Figure B.9 GST history for 0804 (Eastmain) , where 3 eigenvalues are retained. 
The extremal steady states are not visible because the three lines are superim-
posed. 
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Figure B.lO GST history for 0712 (Camp Coulon), where 3 eigenvalues are 
r tained. The pink and blue lines represent the inversion of the upper and lower 
bounds of the gcothcrmal quasi-steady statc or the extremal steady states. 
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Figure B.ll GST history for 0713 (Camp Coulon), where 3 eigenvalues ar 
retained. The pink and blue lines repr sent the inversion of the upp r and lower 
bounds of the geothermal quasi-steady state or the extremal steady states. 
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Figure B.12 GST history for 0714 (Camp Coulon), where 3 eigenvalues ar 
retain d. The xtremal steady stat s are not visible because the t hree lines are 
superimposed. 
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Table B.l Summary of GST results where Ta is the long-term surface temper-
ature, qa is the quasi-steady state heat flux, flT is the difference b tween the 
maximal temperature and the reference temperature at 500 years BP. 
Site Log ID year Ta qa flT LIA 
(oC) (mW m- 2) (K) 
Thierry Mine 2.85 no 
0605 2006 2.63±0.01 25.9±0.5 3.87 no 
0606 2006 2.55±0.01 23.5±0.7 2.48 no 
0608 2006 2.62±0.01 23.9±0.3 1.32 no 
oro nt 1.85 no 
1012 2010 1.16±0.01 35.5±0.9 2.52 no 
1013 2010 1.51±0.02 31.3±1.5 1.91 no 
1014 2010 1.78±0.004 32.2±0.3 0.29 no 
1015 2010 2.35±0.02 27.6±1.4 2.91 no 
Eastmain 2.15 no 
0803 2008 2.98±0.01 27.3±0.4 2.29 no 
0804 2008 3.01±0.003 27.0±0.2 2.05 no 
Camp Coulon 1.34 no 
0712 2007 1.46±0.01 26.6±0.4 1.50 no 
0713 2007 1.83±0.01 24.2±0.6 1.26 no 
0714 2007 1.33±0.004 1.33 no 
APPE DIX C 
INDIVIDUAL GST RECONSTRUCTIONS FOR ORTHER CHILE 
In the third chapter, thirty-one borehole t emperature-cl pth profiles were collected 
to determine the GST histories in northern Chile for the past 500 years. Nine pro-
files from four sites were deemed suitable for inversion. For sites with multiple 
borehole temperature-depth profiles, the GST histories were determined using si-
multaneous inversion. Three boreholes (na12, p398 , z197) are found at Michilla, 
and four boreholes (DDH2457, 1501 , 1504, 1505) are at Inca de Oro. The profiles 
were eut at 300 m to ensure comparison of the same time period (Beltrami et al., 
2011 ). The individual GST hist ories for boreholes from these sites were recon-
structed for the past 500 years for 20 year intervals with 3 eigenvalues retained 
(Figures C.2-C.7). 
Contrasting trends are observed in the GST histories of the threc Michilla bor -
holes (Figures C.2-C.3). A warming is inferred at two sites (na12, p398) and a 
cooling at the other (z197). The small amplitude and inconsistencies b tw ,n 
these inversions point to the absence of a signal above the level of noise and ex-
plains the lack of signal in the Michilla GST history. 
Differing trends are also observed in the individual GST histori s of Inca de Oro 
(Figur s C.4-C.6). The GSTs of three Inca de Oro sites (DDH2457, 1501 , 1504) 
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show a cooling of rv0.5-1 K from rv40-150 years BP. This is agrees with the Inca 
de Oro GST r construction from simultaneous inversion. However) this cooling is 
not present in the GST history of 1505 (Figure C.7). A very recent warming at 
rv20-40 years BP of rv1-2.5 K is inferred for the Inca de Oro sites. The timing 
and amplitud of this warming are consistent with the Inca de Oro GST history. 
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Figure C.l GST changes for na12 (Michilla), where 3 eigenvalues are retained. 
The pink and blue line represent the inversion of the upper and low r bounds of 
the geothermal quasi-steady state or the extremal steady states. 
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Figure C .2 GST changes for p398 (Michilla), where 3 eigenvalues are retained. 
The pink and blue line repres nt the inv rsion of the upp r and lower bounds of 
the geothermal quasi-steady st at e or the extremal steady st ates. 
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Figure C.3 GST changes for z197 (Michilla), where 3 eigenvalues are retain d. 
The pink and blu lines represent the inversion of the upper and lower bounds of 
the geothermal quasi-steady state or the extremal steady states. 
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Figure C.4 GST changes for DDH2457(Inca de Oro), where 3 eigenvalues are 
r tained. The extrema! steady states are not visible because the three lines are 
superimposed. 
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Figure C.5 GST changes for 1501(Inca de Oro), where 3 eigenvalues are retained. 
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the geothermal quasi-steady state or the extremal steady states. 
Q' 
2 .5~------------------------------------------------~ 
2 
1.5 
~ 0.5 
<J o ~------~~--~~-.-.-.-.~~~~=%=c~~ 
-0.5 r 
-1 
-1 0 5 !;;_.L...--.L...--.L...--.1.--J--...L....-...L....-..1..-..1..-...L.-...L.-....L.-.....L.-......L...-....&...-.....L.-.....L.-.....L.-.....L.--L-.....1-.....I-.....I-......L.....~ 
2.5 
2 
1.5 
1 
0.5 
0 
-0.5 
-1 
-1.5 
1500 1600 1700 1800 1900 2000 
years CE 
Figure C. 6 GST changes for 1504 (Inca de Oro), w he re 3 eigen values are retained. 
The pink and blue lines represent the inversion of the upper and lower bounds of 
th geothermal quasi-steady state or the extremal steady states . . 
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